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ABSTRACT 

Quantum-scale semiconductors embedded in an electrically-active matrix have 

the potential to improve photovoltaic (PV) device power conversion efficiencies by 

allowing the solar spectral absorption and photocarrier transport properties to be tuned 

through the control of short and long range structure.  In the present work, the effects of 

phase assembly on quantum confinement effects and carrier transport were investigated 

in CdTe – ZnO nanocomposite thin films for use as a spectrally sensitized n-type 

heterojunction element.  The nanocomposites were deposited via a dual-source, 

sequential radio-frequency (RF) sputter technique that offers the unique opportunity for 

in-situ control of the CdTe phase spatial distribution within the ZnO matrix.  The 

manipulation of the spatial distribution of the CdTe nanophase allowed for variation in 

the electromagnetic coupling interactions between semiconductor domains and 

accompanying changes in the effective carrier confinement volume and associated 

spectral absorption properties.  Deposition conditions favoring CdTe connectivity had a 

red shift in absorption energy onset in comparison to phase assemblies with a more 

isolated CdTe phase.  

While manipulating the absorption properties is of significant interest, the 

electronic behavior of the nanocomposite must also be considered.  The continuity of 

both the matrix and the CdTe influenced the mobility pathways for carriers generated 

within their respective phases.  Photoconductivity of the nanocomposite, dependent upon 
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the combined influences of nanostructure-mediated optical absorption and carrier 

transport path, increased with an increased semiconductor nanoparticle number density 

along the applied field direction.  

Mobility of the carriers in the nanocomposite was further mediated by the 

interface between the ZnO and CdTe nanophases which acts as a source of carrier 

scattering centers.  These effects were influenced by low temperature annealing of the 

nanocomposite which served to increase the crystallinity of the phases without 

modification of the as-deposited phase assembly and associated absorption properties.  

 Integration of the nanocomposite as an n-type heterojunction element into a PV 

device demonstrated the ability to tune device response based on the spectral absorption 

of the nanocomposite sensitizer film as dictated by the phase assembly.  Overall the 

various phase assemblies studied provided increased opportunity for optimization of the 

absorption and carrier transport properties of the nanocomposite thin films.     
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1. INTRODUCTION 

1.1 MOTIVATION 

Photovoltaic devices for energy conversion have garnered much interest as the 

search for sustainable and economical energy production has continued.  Traditional 

silicon based photovoltaics (PV), comprised of mono- or polycrystalline silicon, are 

considered to be the ‘first generation’ of commercial PV devices.  The typical module 

cost of these first generation PV devices is $150/m2 with an average efficiency of 20% 

[1].  The silicon used in first generation PV devices is costly to produce and additionally 

is brittle requiring reinforcing encapsulation which increases the module weight and 

requires a supportive infrastructure, which again increases costs.  Thin film PV is 

considered to be the ‘second generation’ and is relatively less expensive to produce and 

encapsulate, but suffers from lower efficiencies [2].  Prices for thin film PV are about an 

order of magnitude lower than first generation PV with efficiencies around 8% for thin-

film amorphous silicon modules [1].  Increasing PV device efficiency, particularly thin 

film PV, without a significant increase in cost will decrease the overall price of energy 

production making it more economically viable. 

Various mechanisms limit the efficiencies of single junction PV devices such as 

optical losses (e.g. reflection), electron-hole recombination, thermalization and 

transparency loss [3].  Much of the work in traditional PV devices has been centered on 
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minimizing recombination and optical losses, through the use of anti-reflection coatings, 

passivation layers, blocking layers and thin film absorbers [4].  Yet, the two mechanisms 

that account for the greatest loss in efficiency for single junction PV devices are 

thermalization and transparency loss [5].  Thermalization occurs when a photon is 

absorbed at an energy greater than the band gap of the absorber material.  The energy 

greater than the band gap is then lost through non-radiative pathways thus not 

contributing to device efficiency [6].  Transparency loss is due to photons passing 

through the absorber material in the device because their energy is lower than that of the 

band gap.  While these photons are typically absorbed by the back contact of the device 

they do not create an electron-hole pair that can be separated at the photovoltaic junction 

to contribute to a photocurrent and thus do not contribute toward device efficiency.  Both 

loss mechanisms produce heat which in general degrades PV performance [7,8]. 

Several approaches are being investigated in order to overcome these major 

sources of efficiency loss.  In general, the methods either modify the incident light to 

better match the PV cell properties or modify the material properties to better utilize the 

spectral make-up of the incident light [9].  Modifying the incident light includes concepts 

such as solar concentration, spectrum splitting and up- or down-conversion [10–13].  The 

concept of tuning the absorption properties of a material for a specific spectral input has 

prompted the search for materials whose optoelectronic properties can be easily 

manipulated and varied over a wide range of the solar spectrum [14,15].   
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To this end much research has focused on the investigation of nanoscale 

semiconductors.   Nanoscale semiconductors can be produced in multiple shapes and 

sizes, such as quantum wells, nanorods and quantum dots.  All the different 

configurations allow for tuning of the material optical properties by controlling the 

physical size of the semiconductor domain.  By restricting the size of the semiconductor 

the electronic band structure is altered, along with the optoelectronic properties.  These 

are known as quantum confinement effects.  Control of the size of the nanoscale 

semiconductor domain then allows the band gap of the material to be tuned and, 

depending on the material, can cover a wide range of the solar spectrum.  The absorption 

properties of the device can then be optimized to match the area of the solar spectrum 

where power output is the greatest.   

Quantum-scale semiconductors are favorable not only due to the ability to tune 

their absorption properties, but also because they can be easily incorporated into existing 

device architectures.  Nanometer sized semiconductors can be synthesized through a 

variety of means, including wet chemistry approaches, ion implantation and chemical or 

physical vapor deposition [16–20].  The band gap engineering, or tuning, of the 

semiconductor can be used throughout the PV device, such as in an energy selective 

contact layer or a sensitized junction.  The versatility of incorporating quantum-scale 

semiconductors into devices gives increased opportunity for component-specific 

optimization in order to improve overall energy conversion efficiencies. 
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Band gap engineering can also help optimize the electrical properties to better 

utilize the power output of the solar spectrum.  Hot-carrier extraction seeks to extract 

carriers generated at energies greater than the device band gap, thus decreasing 

thermalization loss. Typically when a photon is absorbed at an energy greater than the 

band gap the carrier relaxes back to the bottom of the conduction band with the excess 

energy lost to phonon generation.  Yet, in quantum-scale semiconductors phonon 

generation is suppressed, due to the small domain size, which delays carrier relaxation.  

The carrier can then be extracted, at the higher energy, into another material where it is 

stable [21,22].  Modification of the available relaxation pathways can also allow for a 

reduction in transparency loss. 

Impact ionization is a well-known phenomenon in bulk semiconductors.  When a 

photon is absorbed at an energy at least twice that of the band gap it can create multiple 

electron-hole pairs through an inverse Auger recombination process.  This entails the 

excess energy of the photo-excited electron to be given to another electron in the valence 

band thus promoting it into the conduction band [23].  When the semiconductor is 

reduced in size to the nanometer scale the process is termed multiple exciton generation 

(MEG) and becomes more prevalent, due to a loss of other relaxation pathways, allowing 

for a quantum efficiency greater than 1 for a given photon [24–26].  In theory through 

band gap engineering, hot-carrier extraction and/or MEG both thermalization and 

transparency losses can be minimized. 
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Although the focus of quantum-scale semiconductors is on charge generation, the 

impacts on carrier transport also need to be considered.  The use of nanoscale 

semiconductors, while allowing for better utilization of the spectral input, also introduces 

additional interfacial area.  Concomitant to an increase in interfacial area is an increase in 

the number of defects thus limiting carrier mobility.  A balance is then needed between 

spectral sensitivity, leading to carrier generation, and the need for efficient carrier 

transport through an inherently heterogeneous medium.  This balance requires control 

over short range structure, for the quantum confinement effects, and longer range 

structure, for carrier transport and extraction.   

The end goal of utilizing nanoscale semiconductors is not only for certain 

optoelectronic properties to be controlled, but to demonstrate marked improvements in 

efficiency.  The concepts of quantum confinement need to be integrated into PV device 

components, such as absorber layers, window layers, buffer layers, passivation layers or 

external contacts.  The introduction of nanoscale semiconductors into device components 

raises issues of its effect on the host material and properties such as the effective 

dielectric constant and electronic band structure.  These effective properties impact the 

interactions between adjacent device components and possibly the performance of the 

completed device.  How these effective device level properties are affected by the amount 

and type of semiconductor material used remains a challenge in the use of quantum scale 

semiconductor structures.  
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Once the quantum-scale semiconductor is fully integrated into the completed 

device the impact of the tuned property needs to be sufficient to significantly improve the 

overall energy conversion efficiency.  While research has indicated that the introduction 

of nanoscale semiconductor absorbers can positively impact overall device performance 

[27,28], it is doubtful that any one semiconductor material will be able to minimize both 

thermalization and transparency losses while maintaining long range charge transport.  A 

device completely optimized through quantum confinement effects will need to 

incorporate many different nanoscale semiconductors in a variety of functions.  Yet, a 

fuller understanding of individual semiconductors and their impact on the matrix material 

will allow for more successful integration of multiple nanoscale semiconductor-based 

composites and thus come closer to reaching the ideal device.   

1.2 RATIONALE  

To this end, the main focus of this research is on nanocomposite thin films 

consisting of cadmium telluride (CdTe) semiconductor quantum dots embedded in a zinc 

oxide (ZnO) transparent conductive oxide matrix.  The objective of this work is to 

increase the understanding of quantum dot behavior in an electrically active matrix and 

the subsequent effects on the matrix properties for integration into a thin film PV device.  

Specifically, the spatial distribution of CdTe in a ZnO matrix will be studied to determine 

the impact of interactions between CdTe domains on the overall ensemble absorption 

characteristics.  Additionally, the concomitant effects of the nanoassembly on the phase 
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connectivity and charge transport pathways will be investigated.  Particular attention to 

the interface between the CdTe domains and the ZnO matrix will be given as it is 

expected to impact both carrier generation and carrier transport.  Lastly, the 

nanocomposite will be integrated into a PV device, as an n-type heterojunction element, 

and the impact of the modified absorption and charge transport properties on device 

performance evaluated.  Additional insight on the effects of the nanoscale CdTe domains 

on the properties of the ZnO matrix as a heterojunction device component will be given. 

The key characteristic to tune the absorption properties is the phase assembly of 

the CdTe domains in the ZnO matrix.  Both short and longer-length scale structure, 

contributing to carrier energetics, generation and transport, are manipulated to control the 

overall optoelectronic properties.  This is accomplished by varying the phase connectivity 

both in the deposition plane and normal to it.  The CdTe phase connectivity leads to the 

development of extended carrier states, via wavefunction interaction or actual physical 

connection, which produce changes in the absorption characteristics.  Additionally, both 

the ZnO and CdTe phase connectivity allow a transport path for carriers, both thermal 

and photo-excited, generated in their respective phases.  Due to the inherent coupling of 

the absorption properties and the carrier transport path to the phase connectivity both 

absorption and carrier mobility must be probed, and ideally manipulated independently of 

each other, to elucidate the impact on the overall nanocomposite optoelectronic 

properties.  Because device manufacturing often requires annealing steps, a complete 

study must also incorporate the effects of high temperature processing and the possibility 
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of additional tuning or modification of the film properties, due to thermally induced 

changes in crystallinity, nanoassembly, interface or chemical environment. 

Once the nanoassembly is verified and the optoelectronic properties are 

characterized for the nanocomposite thin film, it must be integrated into a device where, 

in this study, it will function as a spectrally sensitized n-type heterojunction element.  

Here the influence of the CdTe in the ZnO can be measured as changes in the external 

quantum efficiency, stemming from the optoelectronic properties and changes in short 

circuit current and open circuit voltage, due to modification of the ZnO properties.  Thus 

the impact of the nanoscale CdTe on the overall device performance can be determined.  
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2. BACKGROUND 

2.1 RADIO-FREQUENCY MAGNETRON SPUTTERING 

Materials in the present work will be produced via radio-frequency (RF) 

magnetron sputtering, a common industry method for thin film deposition of ceramics, 

which allows for high throughput and low cost.  It is a physical vapor deposition 

technique that does not require chemical processes for film growth.  Rather the method 

utilizes the physical process of vapor condensation.  The material of interest (the target 

material) is vaporized via momentum exchange with an energized particle.  The 

energized particles result from a plasma composed of partially ionized gas molecules, 

produced from the processing gas (typically argon).  The radio-frequency field creates a 

DC bias potential at the target, due to the difference in reaction times to the oscillating 

field by electrons and ions, while the presence of a magnetic field helps confine the 

charged particles to smaller geometrical space above the target in order to increase and 

localize the incoming flux.  The potential difference between the anode and cathode (i.e. 

the target material) causes acceleration of the ions into the material surface and a 

subsequent plume of vaporized material, due to the ion bombardment.  This vaporized 

material is what then impinges upon the substrate to promote film growth.  A close-up 

schematic of a RF gun and the ion bombardment is included in Figure 2.1.   
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Figure 2.1 Detailed schematic of the RF gun and sputtering process. 

Once the material impinges upon the substrate several processes occur for film 

growth as outlined in Figure 2.2.  After the material adsorbs onto the surface it can 

evaporate back into the vapor, diffuse on the surface, nucleate, coalesce into an existing 

nuclei or be re-sputtered from high energy particle bombardment.   The relative rates and 

probabilities of all the processes combine to form the overall deposition rate throughout 

the entire film growth.  Processing parameters such as substrate type and temperature, 

operating pressure, chamber geometry and applied RF power affect these rates and 
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probabilities and therefore the overall deposition rate, yet they also affect the 

microstructure of the film.  The adatom mobility at the surface is the main contributor to 

the overall film microstructure [29].  The mobility for a given substrate and deposited 

material is mainly affected by the substrate temperature and particle bombardment rate 

[30,31].    Increased substrate temperature increases the adatom mobility and leads to 

more dense films with properties similar to the bulk material [32].  Increased particle 

bombardment, controlled by chamber geometry, processing pressure and applied RF 

power, can increase the adatom mobility, without substrate heating, and is dependent 

upon the  ion/atom arrival-rate ratio [33,34].   

 

Figure 2.2 The atomistic processes of thin film growth.  1 – Condensation of the 
material out of the gas phase.  2 – Adsorption of the material onto the surface.  3 – 
Possible re-evaporation of the material into the gas phase.  4 – Surface diffusion of the 
material.  5 – Nucleation of the material on the surface.  6 – Growth of the nucleate.  7 – 
Re-sputtering of the nucleated material after bombardment by a high energy particle 
[after 29]. 
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Continued film growth is categorized as Volmer-Weber, Frank-van der Merwe or 

Stranski-Krastanov (Figure 2.3).  The Volmer-Weber method is described as island 

growth which consists of the growth of many nucleation sites, the formation of islands of 

atoms, and the percolation of these islands into larger networks eventually forming a 

polycrystalline film.  This occurs because energetically speaking the atoms prefer to 

adhere to each other rather than the substrate [35,36].  The Frank-van der Merwe is a 

layer by layer growth where a complete monolayer of material is formed on the substrate 

before a second layer of material is added and so on.  Here the deposit material bond 

more strongly to the substrate than to each other [36].  The Stranski-Krastanov growth 

method is a combination of the two previous methods, where first a monolayer is formed 

on the substrate, but further growth is in the form of islands [36].  The actual film growth 

method depends upon several criteria, such as the deposited material, atom arrival rate 

and the substrate material and temperature, all of which affect the relative surface 

energies [37].   

 

Figure 2.3 Three different thin film growth methods A) Volmer-Weber B) Frank-
van der Merwe and C) Stranski-Krastanov [after 36]. 
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2.2 BULK SEMICONDUCTORS 

Semiconductors are of interest in PV applications due to their energy band 

structure.  The electronic band structure determines the PV device absorption 

characteristics and defines the device junction.  This affects PV-cell level metrics such as 

the open circuit voltage, Voc, and short circuit current density, Jsc (see Sections 2.4 and 

2.5), as well as, atomistic phenomena such as charge generation and carrier separation.   

The periodic nature of the crystalline material gives rise to certain energies where 

electrons cannot propagate through the crystal, leaving a range of ‘forbidden’ energies 

that cannot be occupied by the electrons.  This energy gap (or band gap) separates the 

lower continuum of energy states (valence band) from and the higher energy allowed 

electron states (conduction band) (Figure 2.4).  For semiconductors used in PV 

applications the energy required to promote an electron across the band gap, or from the 

valence band to the conduction band, falls within the available energy produced from 

sunlight.  Silicon, for example, has a band gap of 1.1 eV, meaning it absorbs light starting 

from the near infrared.  The effective band gap of a material, or the actual energy needed 

to promote an electron into the conduction band, can vary depending on dopants and/or 

defects which can introduce allowed energy states, typically more localized, within the 

‘forbidden’ region of the band gap.  These states may also provide a source of thermal 

carriers either within the valence or conduction bands and are of import when creating a 

p-n junction (to be discussed in Section 2.4).   
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Figure 2.4  Flat band diagram showing the electron affinity, Ea, work function, φ, 
conduction band, Ec, Fermi level, Ef, band gap, Eg, and valence band, Ev, energies for an 
intrinsic semiconductor.   

Once an electron is in the conduction band it can contribute to the electrical 

conductivity of the material.  The conduction and valence states of bulk semiconductors 

are delocalized, meaning the carriers are not restricted to any particular atom but are 

considered ‘free’ or able to move to any atom in the solid.  Carriers move through the 

semiconductor through wideband conduction, similar to that of a metal, or by polaron 

hopping.  A polaron is a defect where excess charge, such as a trapped carrier, polarizes 

the lattice.  Polaron hopping occurs as the defect ‘hops’ between adjacent ions essentially 

transporting charge [38].   

Electrical conductivity is defined in terms of the carrier density and mobility, 

given by: 
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 � = ���� + ���	 (2.1) 

where � is the electrical conductivity, � is elementary charge of the particle, � and 	 are 

the carrier densities for the electrons and holes respectively with �� and ��	being the 

respective mobility values [38].   For intrinsic semiconductors the carriers are generated 

through excitation across the band gap while for extrinsic semiconductors the carriers 

arise from thermalized dopants.  Once the carriers are generated, their long range 

transport is governed by the carrier mobility:  

 � = 	 ��∗ τ (2.2) 

where � is the elementary charge, �∗ is the effective mass and τ is the average scattering 

time, or time between collisions [39].  The scattering time is based on the drift velocity 

and the mean free path of the carrier as in: 

 � = ��� (2.3) 

where � is the mean free path, or distance between collisions and �� is the drift velocity, 

or the average velocity of the carriers in the presence of an electric field [40].  Scattering 

mechanisms that will limit	� include acoustic phonons, point defects, and area defects, 

such as grain boundaries.  A single carrier will experience many different types of 

scattering mechanisms, but the mechanism with the highest frequency, the shortest � or 

smallest τ, will be the limiting factor.   

The temperature dependence of the carrier mobility gives insight into which 

scattering mechanism dominates the overall mobility.  For situations where acoustic 
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phonons limit the mobility an increase in temperature causes a decrease in mobility 

(� ∝ ��� �� ) as the phonon population increases, which decreases the carrier mean free 

path [38].  Conversely, when point defects or gain boundaries limit the mobility an 

increase in temperature increases the mobility (� ∝ �� �� ) due to the carriers having a 

higher velocity and more kinetic energy to overcome the effects of the defect [41].  

Depending on the material the limiting mechanism may change with temperature, with 

lower temperatures being limited by defects while at higher temperatures phonons may 

dominate. 

For materials where the conduction method is based on polaron hopping the 

temperature dependence on mobility is different.  Small polaron hopping is when the 

lattice distortion is large enough to completely trap the charge carrier.  The carrier 

transport mechanism is then thermally activated, as the defect hops from one location to 

another.  If the lattice distortion is not sufficient to completely trap a charge carrier, yet 

large enough to significantly slow it down then it is considered a large polaron.  The large 

polaron behaves as a free electron but with a higher effective mass due to the presence of 

the polarized field.  The increase in effective mass makes the electron relatively less 

prone to scattering as temperature increases (� ∝ ��� �� ) [38]. 
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2.3 QUANTUM-SCALE SEMICONDUCTORS 

When a semiconductor is reduced in size, typically to lattice spatial extents on the 

order of tens of nanometers, substantial variations in electrical and optical properties 

ensue due to changes in the electronic band structure [42].  The operative length scale for 

such modifications to occur is the exciton Bohr radius, ax.  The exciton is the stable state 

of an electron bound to a hole through Coulomb interactions.  The electron and hole 

rotate around their common center of mass although the differences in mass of the two 

particles can lead to the electron essentially orbiting around the hole [43].  The diameter 

of this orbit is twice the exciton Bohr radius and is the metric used for determining 

quantum confining conditions.  When the size of the semiconductor crystal is reduced to 

near or below the bulk semiconductor exciton Bohr radius, the motion of the exciton, 

and, eventually the individual carriers, is influenced by the presence of the semiconductor 

surface (or interface with the supporting material).   

The exciton Bohr radius for the bulk semiconductor is dependent upon the 

dielectric constant of the exciton medium,	�, as well as the effective masses of both the 

electron and hole, ��∗  and ��∗  respectively, and is given by: 

 �� = 	 4����ħ����∗��  
(2.4) 

with �� being the permittivity of free space,  ħ the reduced Plank constant, � the quantum 

number, � the elementary charge and �∗ the reduced effective mass defined as: 
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 1
μ∗ = 	 1��∗ + 	 1��∗

 
(2.5) 

 Within nanoscale semiconductor crystals, the effect of limited lattice extent can 

be reasonably described in terms of a ‘particle-in-a-box’ model in which the carriers can 

be assumed to behave as free particles confined within a potential well defined by the 

semiconductor surface or interface.  Under this description, the particle masses are 

assumed to be the same as those in the bulk crystal (effective mass approximation).  The 

issue is then the impact of confinement on carrier energies relative to the inherent 

Coulomb interaction between the photo-excited electron and hole.   

Assuming spherical particles with an average radius of R   two main conditions 

can exist.  If R > ax the internal motion of the exciton (governed by the Coulomb 

interaction) is not significantly disturbed and the exciton can be treated as a single 

particle defined by a translational mass, #, which is the sum of the electron, ��, and 

hole, ��, masses as shown below. 

 # =	�� +�� (2.6) 

Here the size of the crystals limits the motion of the exciton as a whole.  If the 

semiconductor is reduced further to R ≅ ax  (and smaller) then the exciton can no longer 

be treated as a single point mass but as two independent particles.  In this case, the 

confinement-induced kinetic energy of the carrier confinement begins to overcome the 
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inherent Coulomb interaction between the particles, which essentially decouples their 

respective motions [44].     

As the size of the semiconductor begins to restrict the movement of carriers the 

allowable energy states for the material begin to change.  Whereas in the bulk state the 

valence and conduction bands are continuous, meaning the electron can occupy a 

continuum of energies (i.e. a band of energies), in the confined geometry the bands break 

up, forming discrete states at specific energies, as demonstrated in Figure 2.5.   

While the above discussion refers to a reduction in crystal lattice spatial extent in 

all three dimensions, carrier confinement can be achieved in structures of varied 

geometry with associated impact on the degree to which the bulk band structure is broken 

up into discrete energy states.  The bulk state has three degrees of unconfined carrier 

motion, if the degrees of unconfined motion are reduced to two then the structure is 

considered a quantum well, where in one dimension movement is confined and the other 

two are not.  Reducing the degrees of unconfined motion to one gives a quantum wire 

where only one dimension is unconfined.  Lastly if all three degrees of motion are 

confined the structure is considered a quantum dot (zero dimensional structure).  All of 

these structures have a modified band structure in comparison to the unconfined state 

with the allowable energy levels being quantized and discrete [42].   
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Figure 2.5  Density of states for a bulk (3D), 2D, 1D and 0D material 
demonstrating the effects of quantum confinement on carrier states [after 42]. 

The resultant changes in band structure of the semiconductor lead to changes in 

the absorption properties.  As the size is reduced the band gap widens causing a blue shift 

in the absorption onset.  The shift is initially caused by upward movement of the 

conduction band as the larger electron orbit becomes confined and as the physical size is 

reduced further by the downward shift in the valence band as the smaller hole orbit 

becomes confined (Figure 2.6) [45].  In this manner the band gap of the individual 

particle can be ‘tuned’ by controlling the amount of confinement, or size of the particle.  

As the confinement effects are strongly correlated with the effective masses of the 

electron and hole the relative amount of blue shift experienced in the absorption 

characteristics depends heavily upon the material involved [46].   
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Figure 2.6 The blue shift in band gap energy as a function of particle size 
demonstrating both the upward and downward shifts in the conduction and valence bands 
respectively [from 45]. 

Changes in the electronic band structure in addition to modifying the absorption 

properties also change charge transport mechanisms. In quantum-scale semiconductors 

the carrier states are localized, meaning the carriers are restricted to a particular area.  

Long range transport (i.e. transport under an applied field) of carriers in these highly 

localized states can occur from potential wavefunctions overlapping creating more 

extended carrier states or via carrier tunneling between isolated states [47].   

The particles are confined due to a potential barrier, Vb, at the edge of the particle.  

If the barrier is considered infinite in height there is a probability of zero that the carriers 

can occupy space outside of the barrier, as given by the Schrödinger wave equation.  For 

a potential barrier with a finite height there is a non-zero probability, governed by 

exponential decay, that the carrier can exist outside of the barrier or particle (Figure 2.7).  
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The barrier height is defined as the difference in energy between the ground state inside 

the well and the ground state of the barrier.  For electrons it is the difference between 

electron affinity values and for holes the ionization potentials (i.e. the difference in 

conduction or valence band energies).  If two particles are close enough to each other, 

typically less than a couple of nanometers, then it is possible for carrier transport between 

them to occur.   

 

Figure 2.7  A schematic of the wavefunctions for the first three quantum numbers 
of: A) a carrier in a box (infinite potential well) and B) a carrier extending beyond a finite 
potential well. 

If two particles are close enough that the potential wavefunctions extending 

beyond the particle overlap, then the available carrier state is delocalized between the two 

particles.  Wavefunction overlap relaxes some of the confinement conditions, by 

effectively increasing the confining volume for the carriers and leads to an ensemble 
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behavior, or adjacent domains interacting with each other, which leads to more 

delocalized states (Figure 2.8) compared with those obtained assuming an infinite 

potential well confining the carriers.   

 

Figure 2.8 The wavefunction of a 13 Å radius CdSe quantum dot demonstrating 
the potential for wavefunction overlap with various barrier heights [from 48]. 

Even when the potential wavefunctions between two particles do not overlap it is 

still possible for a carrier to ‘tunnel’ from one particle to another.  The probability of a 

particle tunneling through a potential barrier, in one dimension (Figure 2.9), can be 

approximated by the transmission coefficient as given by: 

 � = 	 1
1 � $��	%&�'�()�*+4,($� - ,+

 
(2.7) 
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where � is the transmission coefficient, , is the energy of the particle, $� is the barrier 

height, * is the width of the barrier and the wavevector )� is defined as: 

 )� � .2�∗($� - ,+ħ�  

(2.8) 

here �∗ is the effective mass of the particle and ħ is the reduced Plank constant.    

 

Figure 2.9 Representation of a particle with energy E tunneling through a barrier 
of height Uo and width x. 

The tunneling transmission coefficient was calculated for CdTe as a function of 

the ratio of the particle energy to the barrier energy with a fixed barrier width (Figure 

2.10) and as a function of barrier width for a fixed ratio of particle to barrier energies 

(Figure 2.11).  The electron effective mass of CdTe was used for the calculations, 0.11 

me, although the equation holds true for holes as well [49].   
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Figure 2.10 The tunneling probability for a CdTe electron with a fixed barrier 
width of 2 nm as a function of the ratio of the particle and barrier energies. 
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Figure 2.11 The tunneling probability for a CdTe electron with a fixed particle to 
barrier energy ratio as a function of barrier width. 

The concepts of wavefunction overlap (i.e. extended carrier states) and carrier 

tunneling are important to PV applications because devices do not include only a single 

quantum structure.  It is the contribution of the ensemble effects (i.e. spatially mediated 

domain interactions) that govern the overall properties of absorption and carrier transport, 

which potentially affect the efficiency of a PV cell. 
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2.4 BASIC P-N JUNCTION 

A junction is basically two materials that are electronically different in contact 

with each other.  The most common junctions are metal-semiconductor and 

semiconductor-semiconductor junctions.  Junctions can be described as either ohmic or 

rectifying.  If the behavior under forward and reverse bias is the same, the junction is 

ohmic, whereas if current will only flow in one direction then the junction is rectifying 

due to a Schottky barrier.  For PV applications the p-n junction composed of two 

semiconductors is used to produce the photoelectric effect while external contact 

materials involve metal-semiconductor junctions.  The p-n junction is rectifying while the 

contacts are ohmic when possible.  In the p-n junction the p-side of the junction has holes 

for a majority carrier and the n-side has electrons.  The p-n junction can be made of the 

same material, a homojunction such as silicon, or from two different materials, a 

heterojunction like CdTe and CdS, which are p- and n- respectively.  The junction is an 

integral part of the PV cell and in large part determines the efficiency of the cell by 

defining the voltage characteristics [50]. 

There are three types of heterojunctions, which are defined based on the 

alignment of the band structures (Figure 2.12).  Type I junctions (straddling gap) have 

both the electron affinity and ionization energy of one material (i.e. the conduction and 

valence band energies) lying in between the electron affinity and ionization energy of the 

second material.  Type II junctions (staggered gap) are ideal for use in PV devices and 

have the electron affinity of one material in between the electron affinity and ionization 
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energy of the second material, with the ionization energy of the first material greater (in 

magnitude) than the ionization energy of the second material.  This limits both electrons 

and holes to unidirectional travel in opposite directions, which is ideal for charge 

separation.  Lastly Type III junctions (broken gap) have both the electron affinity and 

ionization energy of one material greater than the ionization energy of the second 

material. 

 

Figure 2.12 The three types of heterojunctions as defined by their differences in 
electronic band structure. 

Therefore semiconductors are important not only for their absorption properties, 

but also because they make up the junction of the PV cell, which again is based on their 

electronic structure as well as the occupation of these allowed energy states.  Inside the 

band gap of an intrinsic semiconductor lays the Fermi level which is defined by the 

Fermi-Dirac equation: 

 ƒ(,+ � 1
1 � exp 4, - μ)5� 6 

(2.9) 
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where ƒ(,+ is the probability of the energy state being occupied, , is the energy of 

interest, μ is the chemical potential of the electron, )5 is Boltzmann’s constant and � is 

temperature.  When , � μ  the probability of an electron occupying that state is 0.5, this 

is defined to be the Fermi level, Ef [40].  For an intrinsic semiconductor this is the middle 

of the band gap (Figure 2.13).     

 

Figure 2.13 A diagram showing the Fermi-Dirac distribution in relation to the 
band energies in an intrinsic semiconductor [after 40]. 
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In an intrinsic semiconductor the number of electrons and holes are equal, yet for 

PV junctions it is typical that there is a majority carrier type.  This excess of carriers 

comes in the form of defects which can be intrinsic to the lattice or from 

impurities/dopants.  Because the defects interrupt the periodicity of the lattice new 

allowed energy states may exist inside of the band gap.  If the defect level is close to the 

valence band, the Fermi level shifts downward (i.e. increasing the work function) and the 

material is considered p-type, due to the excess of holes in the valence band compared to 

electrons in the conduction band.  Conversely, if the new level is close to the conduction 

band the Fermi level shifts upward and the material is considered to be n-type.  This 

assumes that there are sufficient defects to produce a majority carrier and that the energy 

separation between the defect state and the conduction/valence band edge is sufficient to 

allow efficient thermalization at room temperature.  If the Fermi level shifts far enough to 

be inside one of the bands (i.e. conduction or valence) then the semiconductor is 

considered degenerate and behaves similar to a metal. 

To form a junction two semiconductors are brought into contact.  Equilibrium 

conditions require that the chemical potential, or Fermi level, be equal across the 

junction.  This is achieved by the migration of charges across the junction, creating a 

space charge region that produces a relative change in energy levels on either side of the 

junction, often referred to as band bending (Figure 2.14).  The original offset between the 

two Fermi levels determines the amount of band bending that occurs, which in turn 

determines the junction potential, Vj, which is the driving force for charge migration.  



47 
 

The migration of charges across the junction creates a depletion region, so named due to 

the lack of free carriers.  The depletion region forms while the junction is reaching 

equilibrium.  The carriers diffuse across the junction and recombine creating charged ions 

(Figure 2.15).  Electrons flow from high concentration to low and recombine on the other 

side of the junction creating negative ions, while leaving behind positive ions.  These ions 

cause a field effect, which is an electric field that screens charged carriers outside of the 

depletion region and sweeps away charges created in the depletion region.  The depth the 

depletion region extends into the material is dependent on the ion concentrations in the n- 

and p-type materials, 78 and 79 respectively, their dielectric constants, �: and �� 

respectively, and the junction potential, Vj, as given by:  

 ;< � �78*���:�� �	�79*:��:��  
(2.10) 

where � is the elementary charge and *: and *� are the depth of the space charge region 

in the n- and p-type materials of the junction respectively [51].  Equation 2.10 is for a 

heterojunction, but the same calculation can be made for a homojunction by substituting 

�:�� for 2�= where �= is the dielectric constant of the semiconductor forming the 

junction.   
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Figure 2.14 A representation of a homojunction and heterojunction reaching 
equilibrium through the alignment of the Fermi levels, Ef. 
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Figure 2.15 A schematic of the formation of the depletion region in a p-n junction 
through the migration of electrons which leave positive ions in the n-type material and 
create negative ions in the p-type material. 

2.5 PV CELL PERFORMANCE 

Once a junction, typically Type II, is formed there are fundamental physical 

properties that define the upper limit of its conversion efficiency as explained by the 

Shockley-Queisser limit [52].  For a single junction solar cell with an ideal band gap 

energy without solar concentration and a perfect photon-to-electron conversion efficiency 

the fundamental limit is approximately 30% [52].  This thermodynamic efficiency limit is 
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due to the two main loss mechanisms, namely thermalization and transparency loss, both 

of which stem from the semiconductor band gap value relative to the incoming solar 

spectrum (Section 1.1).  For a typical PV cell these two loss mechanisms are coupled in 

that if a semiconductor with a higher band gap is used to decrease thermalization loss the 

transparency loss increases.  Similarly if a semiconductor with a lower band gap value is 

used to decrease the transparency loss the thermalization losses increase (Figure 2.16).  

 

Figure 2.16 Graph demonstrating the theoretical efficiency as a function of band 
gap value for 1 sun illumination (C=1) and 1000 sun illumination (C=1000) [from 53]. 

Traditional silicon PV cells have a band gap of 1.1 eV which corresponds closely 

with the range of maximum energy output from the sun at the surface of the earth [2,54].  

This allows the PV cell to absorb much of the solar spectrum and produces a high 
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current.  Yet, due to the fact that the great majority of the photons absorbed exceed the 

band gap much of the solar energy is lost through thermalization effects, which combined 

with the relatively low junction potential, lower the overall efficiency.  As of 2012 the 

record efficiency for a laboratory-tested single crystal silicon solar cell was 25% [55]. 

Altering the band gaps and Fermi levels of the materials in a PV cell will affect 

the overall cell performance.  However, these characteristics are based on individual 

material properties, not performance level characteristics, and, as such, they are not the 

metrics used to quantify cell efficiency.  Therefore these material properties need to be 

related to device level characteristics that can be accurately compared in order to 

determine their effects on PV performance.  The current versus voltage response (I-V 

curve) of a PV cell is the general metric used to approximate cell efficiency.  The I-V 

curve of a PV cell is determined, in large part, by the p-n junction and has several 

parameters that help bridge material properties and PV cell characteristics.   

The I-V curve is characterized by the short circuit current density, Jsc, the open 

circuit voltage, Voc, and the maximum power output of the cell, Pmax (Figure 2.17).  The 

Jsc is the maximum current available without any load while the Voc is the maximum 

voltage potential of the cell without any current.  Naturally, power output at both of these 

points is zero.  The fill factor, FF, is used to determine the ‘squareness’ of the I-V curve 

and is the ratio of the maximum achievable power, Pmax, and the product of Jsc and Voc  as 

given below [51]: 
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 >> � 	 ?@A�;�B ∙ D=B (2.11) 

This is shown graphically in Figure 2.17, where Pmax is the area of the smaller square and 

the product of Jsc and Voc is the area of the larger square; the FF is the ratio of the two 

areas.  The FF can then be used to calculate the overall cell efficiency, η, for a given 

irradiance, or power input according to: 

 
η	 � 	 ;�B ∙ D=B ∙ >>?E:  

(2.12) 

   

 

Figure 2.17 A current versus voltage graph for an illuminated PV cell.  The 
dashed line represents the product of Jsc and Voc while the dot-dash line represents Pmax.  
The ratio of the area of the two squares is the FF. 



53 
 

The Jsc is impacted by the band gap of the absorbing material in the PV junction.  

The higher the band gap energy the lower the Jsc, as fewer electrons are excited for a 

given spectral irradiance.  The linearity of the Jsc portion of the I-V response is affected 

highly by the series resistance, Rs, which is due to resistance between material layers and 

in the external contacts.  The Jsc is also affected by the recombination of carriers, which is 

highly dependent on the carrier concentration [56].  The Voc is largely impacted by the 

amount of band offset, determined by the two junction materials (i.e. n- and p-type 

layers); with a greater band offset increasing the Voc.  As with the Jsc, the Voc linearity is 

affected by parasitic resistance, in this case shunt resistance, Rsh, when the carriers flow 

through an alternative path inside the PV cell instead of through the external circuit, this 

is typically attributed to defects within the junction.  Ideally Rs would be very small and 

Rsh very large in order to minimize the effects of parasitic resistance on the performance 

of a solar cell.  Figure 2.18 is the equivalent circuit of a solar cell with an applied load 

[51].  The photovoltaic effect is the current source in parallel with a diode representing 

the photovoltage, which drives the photocurrent through the load.  The parasitic 

resistances act as resistors with Rsh being an alternate path through the circuit that 

bypasses the load (which is why it needs to be large) and Rs impeding the current flow to 

the load (which is why it needs to be small).   
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Figure 2.18 The effective circuit for a PV device with a photon induced current, 
Iph, a diode representing the one-way nature of the junction, shunt resistance, Rsh, series 
resistance, Rs and the resulting voltage, V [51]. 

An additional method of evaluating PV cell performance is external quantum 

efficiency (EQE), which is the ratio of the number of collected carriers and the number of 

incident photons.  The EQE is dependent upon the carrier generation, or absorption of the 

PV cell, along with carrier collection.  The EQE is typically reported for a specific 

wavelength; this helps elucidate which photon energies are producing extractable carriers 

(Figure 2.19).   
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Figure 2.19 The spectral response of a polycrystalline solar cell as a function of 
wavelength. 

Figure 2.19 is the EQE response of a poly-crystalline solar cell.  With an indirect 

band gap of 1.1 eV the silicon begins absorbing around 1100 nm, yet the EQE in this 

range is low.  At this wavelength the photons are absorbed after traversing the junction, at 

a distance longer than the carrier diffusion length, meaning the carriers recombine before 

they can be successfully extracted.  The efficiency around 700 nm is very high because 

the photons are absorbed close to the depletion region and promptly swept away before 

they can recombine.  At shorter wavelengths the efficiency again drops off because the 

photons are absorbed close to the front contact and again have a long diffusion path to the 
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junction and recombine.  The difference in EQE values at wavelengths less than 1100 nm 

then are due to where the carriers are generated and the charge transport properties.  

Changes in the I-V curve and EQE response therefore indicate changes in the 

junction properties which stem from the individual material properties, such as the band 

gap, Fermi levels and charge transport pathways. 

2.6 ALTERNATIVE PV STRATEGIES 

Traditional PV devices utilize a single band gap/junction combination which is 

subject to large losses due to transparency and thermalization.  Due to the coupled nature 

of the band gap and the junction properties, which limits optimization of the devices, the 

concept of engineering the band structure is a central point of research.  Current 

methodologies seek to improve PV efficiencies through the use of multiple junctions 

and/or multiple band gap energies as a way of optimizing the device performance.   

Multiple junction solar cells have been used to tailor device spectral sensitivity to 

a broader range of incident photon energies present in the incoming solar spectrum [57].  

Multi-junction PV cells minimize losses by optimizing more than one band gap, 

essentially stacking multiple PV cells with different band gap values on top of each other.  

The highest band gap material is placed on the top which absorbs the higher energy 

photons and allows those of lower energy to pass through to the next absorber material, 

essentially utilizing the concept of transparency loss, where it can then be absorbed.  This 
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minimizes both thermalization and transparency losses for the full multi-junction cell.  

The theoretical efficiency for a multi-junction PV cell with an infinite number of 

junctions is approximately twice the value of a single junction PV cell [58].  Yet, creating 

a working device with even three junctions is highly complex requiring simultaneous 

control of the band gap and crystal lattice matching [5,59–61].  In 2012 the record 

efficiency of a multi-junction cell (laboratory tested) was 34.1% for a three-junction 

device [55]. 

Intermediate band absorber (IBA) solar cells use a two-photon process to create 

electron-hole pairs in addition to the normal one-photon process.  By introducing an 

intermediate absorbing band between the typical valence and conduction bands lower 

energy photons can contribute to charge generation.  Instead of these low energy photons 

passing through the device they can excite an electron into an intermediate level and then 

a second photon can excite it into the conduction band.  Such processes are estimated to 

exceed the Shockley-Queisser limit for a single junction cell, as well as, the limit for a 

tandem (two-junction) cell [62,63].  An IBA device would benefit from more current, a 

higher Jsc, as the absorption is increased and a higher Voc with a wide band gap absorber 

defining the junction [64,65].  Several methods have be utilized to form the intermediate 

band including the introduction of defects, dopants and quantum-size semiconductors 

[66–68].  Verification of the two-photon absorption process has been made but the 

intermediate band has yet to be optimized with no device out-performing a single 

junction cell as of 2012 [69,70].   
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Semiconductor nanocomposites present an alternative method of overcoming the 

major loss mechanisms by more effectively using a broader portion of the solar spectrum 

through single or multiple photon absorption.  As the term implies semiconductor 

nanocomposites involve semiconductors on the nanometer scale that are used in 

conjunction with another material, making the material a composite of two or more 

distinct phases.  While much work has been conducted on the properties of quantum-

scale semiconductors, such as monodisperse colloids or quantum dots,  in an insulating 

matrix [15,71–76], these composites have only limited applicability in the context of 

photovoltaic energy conversion due to the inherent limitations on photocarrier transport.  

In this work, nanocomposites produced using conductive matrix materials, in particular 

transparent conductive oxides (TCO), are the focus.  Specifically, the research aims are to 

examine the three main functions  necessary for  PV device operation, namely light 

absorption/charge generation, charge separation/injection and charge transport, and their 

modification through nanocomposite structural design.  While the main advantage of 

semiconductor nanocomposites is the ability to tune the absorption properties, through 

quantum confining effects, the subsequent effects on charge separation and transport 

must also be examined.   

Quantum-scale semiconductors are used with both inorganic and organic matrices 

for improved light absorption/carrier generation.  The nanoscale semiconductor can be 

used as the main absorber material or to help compliment another absorber.  Organic-

based PV devices often utilize a polymer or dye as the absorber material, due to their 
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high absorption coefficient, allowing for less absorber material and thus thinner devices 

[77,78].  Yet, organics are not as environmentally stable as semiconductors, which 

severely limits their lifetime and applications.  Quantum-scale narrow-band 

semiconductors, typically quantum dot chalcogenides, have therefore been used to help 

compliment the absorption properties of the dyes and polymers.   The quantum dots can 

be used to sensitize either the dye or polymer, increasing absorption and aiding charge 

separation from the differences in band offsets [79–82].  These same principles are 

applied to inorganic devices where nanoscale semiconductors, which have a high 

absorption cross-section, sensitize a wide-band gap semiconductor, typically titanium 

dioxide (TiO2) or ZnO.  

Charge transport through quantum-scale semiconductors is essential for device 

performance and requires a carrier pathway through the material, though research has 

shown that the quantum-scale domains do not need to be in physical contact for carrier 

transport the interparticle spacing needs to be very close [19,45].  Ideally, the quantum-

scale semiconductor composite is very thin, thus not requiring long range carrier 

transport before injection to the electrode.  This makes quantum-scale semiconductors of 

interest not only for band gap tuning, but also due the accompanying wide variety of 

morphologies and large surface area to volume ratios that come with nanoscale domains.  

Wide-band gap semiconductors, again generally TiO2 or ZnO, utilize both of these 

aspects in dye sensitized and polymer PV cells.  The large surface area improves the 

charge injection from the organic absorber to the electrode, essentially acting as a 
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blocking layer to recombination.  This is especially highlighted in dye-sensitized solar 

cells (DSSC) which use porous TiO2 nanoparticles as a scaffolding matrix for the dye 

absorber [83].  Different quantum-scale morphologies, mostly in the form of quantum 

rods/wires, enhance this charge injection and transport due to the higher amount of 

interfacial area and more direct carrier mobility pathways compared to organic materials 

[84–86].   

The same wide-band gap semiconductors also facilitate the charge separation for 

inorganic devices due both to band offsets and the accompanying built-in electric field 

from the p-n junction.  While semiconductors are more stable than organic counterparts 

and have better charge transport properties, they also have more carrier trap states, which 

increases the recombination rate, inhibiting charge separation.  In order to reduce the 

amount of recombination quantum dots are often passivated through capping layers, both 

inorganic and organic, which decreases the number of trap states [87–89].       

2.7 CDTE – ZNO NANOCOMPOSITES 

The two materials specific to this study are ZnO, a wide-band gap transparent 

conductive oxide, and CdTe, a narrow-band gap chalcogenide.  Zinc oxide is an intrinsic 

n-type semiconductor, the cause of which is highly contested, but is generally conceded 

to be due to native defects [90,91].  It is stable in either the hexagonal wurtzite or cubic 

zinc blend crystal structure.  With a direct band gap of 3.4 eV, outside of the visible, it is 

transparent in the single crystalline state.  It is widely used in thin film PV research due to 
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its availability, ease of deposition, well understood doping methods, good electron 

mobility, strong hole blocking characteristics, and for being environmentally stable, as 

well as, non-hazardous.  Additionally, there are a plethora of morphologies, from 

nanorods to nanostars, which can aid in electron transport and charge separation/injection 

specifically in thin film organic and quatum dot PV devices [18,65,86,92–94].  Zinc 

oxide is used as a heterojunction element and a TCO top contact layer in current 

commercial PV devices. 

Cadmium telluride is a cubic zinc blend crystal structure with a direct band gap of 

1.5 eV.  The doping mechanism for CdTe is not completely understood, but both n- and 

p-type intrinsic CdTe has been reported, often attributed to differences in stoichiometry 

[95,96].  P-type CdTe is already in use, along with n-type CdS, commercially in thin film 

PV devices.  Research utilizing CdTe is highly focused on quantum confining effects 

because of the relatively large exciton Bohr radius of 7.3 nm.  Strong confinement 

conditions (i.e. where the carrier motions are decoupled) are therefore readily achieved 

allowing the band gap to be shifted by approximately 1 eV [97].  Due to the differences 

in effective masses of the electron and hole, the electron being approximately three times 

lighter than the hole, the electron exhibit strong confinement before the hole [46].  

Environmental impacts of CdTe are not as favorable as for ZnO.  While cadmium is 

carcinogenic, CdTe is considered less toxic, and tellurium is quite rare, but both of these 

concerns are mitigated by the small portion of CdTe actually used in most devices, as 

well as, through existing recycling measures [98,99].   
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The CdTe – ZnO nanocomposite system is comprised of various arrangements of 

quantum-scale CdTe domains embedded within a ZnO matrix.  The main interaction 

between these two materials of import to PV applications is the electronic band structure.   

The flat band diagrams for the bulk materials are in Figure 2.20.  The bulk values for 

both materials are stated to provide a basis for discussion, although these properties are 

subject to change based upon the quality, surrounding medium and physical size of the 

material in question.  In order to produce quantum confining effects in the CdTe domain 

there needs to be a potential barrier between the conduction bands of the ZnO and the 

CdTe.  Based on bulk values there is a small potential barrier, about 100 meV.  Yet if 

confining conditions are present the conduction band energy of the CdTe would be 

expected to shift upward, by as much as 500 meV, decreasing and possibility eliminating 

the barrier potential, thus severely limiting quantum confining effects [45,46].   

Additional phases may also be present in the film, most notable oxides of CdTe, 

that are likely to exist at the interface between the ZnO matrix and the CdTe domains, 

these also could provide an energy barrier to enhance electron quantum confinement 

effects.  The bulk electron affinities and band gap values, from literature, of the most 

probable phases are in Figure 2.21 [100–107].  The presence of an additional phase 

between the ZnO and CdTe would allow for a potential barrier, in order to confine the 

electron, and thus change the absorption properties, while still permitting quantum 

tunneling between the ZnO and CdTe phases or separated CdTe domains, which is 

necessary for long range charge transport.  Such a barrier was found to exist and have 
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large impact on the overall film properties in a similar material system involving 

germanium and indium-tin oxide (ITO) [108]. 

 

Figure 2.20 The electronic band structure for ZnO and CdTe based on bulk 
material properties [109,110]. 
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Figure 2.21 The electronic band structures for ZnO, CdTe and several possible 
interface phases that could exsist in the nanocomposite (in eV) [100–107]. 

While the CdTe – ZnO nanocomposite is composed of two distinct phases with 

separate properties, the thin film as a whole has ‘effective’ optical and electronic 

properties different from either phase.  Certain effective properties, such as the absorption 

and dielectric constant, can be measured directly while others, such as electron effective 

mass, need to be estimated.  The bulk properties of the materials are a starting point, but 

in thin film form even these have expected departures.  Several procedures are available 

for estimating the effective properties of composite materials, typically a weighted 

average, such as Maxwell-Garnett [111,112].   

In this study the electronic band structure of the nanocomposite is of interest, as 

this will define the junction potential of the completed devices.  Given the close match in 
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electron affinity values between bulk CdTe and ZnO it is assumed that there will be no 

significant change in the conduction band energy for the different nanocomposite 

assemblies as a whole.  This naturally neglects the influence of quantum confinement in 

the CdTe phase, which is expected to increase the conduction band energy.  For films 

with less than 10 volume percent CdTe it is assumed this effect will be negligible due to 

the small amount of CdTe present and as the volume percent of CdTe is increased, the 

quantum confining effects are expected to decrease thus decreasing the change in the 

CdTe conduction band energy.   

The effective valence band energy is where the largest departure from the bulk 

values would be expected and where a weighted average might be appropriate.  Yet, for 

all the phase assemblies studied the terminating layer of the heterojunction is ZnO, so 

while the overall film may have an effective valence band energy different from the bulk 

phases, the junction is expected to be defined by the ZnO properties.   As a result, when 

considering the electronic band structure in specific devices the properties of ZnO will be 

used (Section 3.5).  Nonetheless, using a Maxwell-Garnett approach the effective valence 

band, based on the bulk values for both CdTe and ZnO, for the entire composite is 

approximated to change by 0.1 eV to 0.8 eV depending on the CdTe volume fraction 

(Figure 2.22).  This, again, neglects changes in the valence band energy due to quantum 

confinement effects in the CdTe.  For the CdTe phase the effect of hole confinement, or 

change in the valence band energy, is expected to be low, due to the large effective mass, 
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or small hole orbit and the relatively larger particle size.  This is assumed to make the 

change in valence band energy minimal regardless of the CdTe volume percent. 

 

Figure 2.22 Effective band structures based on a Maxwell-Garnett type 
approximation for the CdTe – ZnO nanocomposite for 6 volume percent and 43 volume 
percent CdTe (in eV). 
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3. MATERIALS AND METHODS 

3.1 RF SPUTTERING DEPOSITION 

The target materials used in this study are polycrystalline ZnO, 2 weight percent 

aluminum doped ZnO (AZO), ITO and CdTe.  All were purchased commercially (AJA 

International) as planar 5 cm diameter, 0.3 cm thick, fully dense and 99.99% pure.  The 

substrate materials were also purchased commercially and, depending on the desired 

characterization technique, were either fused silica (Esco Products, 0.1 cm thick, 60 – 40 

scratch-dig), single-side polished single-crystal p-type (boron) silicon wafers (100) 

orientation (1 Ωcm – 10 Ωcm) or soda-lime silicate glass pre-coated with ITO (12 Ω/□).  

Substrates were approximately 2.5 cm x 1.25 cm in size and deposition conditions 

allowed up to two substrates on the same platter to be sputtered per deposition, allowing 

different substrates to be sputtered simultaneously, ensuring both films had the same film 

growth conditions.  The substrate platters have an area of uniform film deposition, based 

on final film thickness, of approximately 5 cm in diameter.  Samples had variation in the 

film thickness around the edges of the substrates, but these portions of the films were 

avoided during characterization. 

A schematic of the deposition chamber is shown in Figure 3.1.  The chamber has 

two RF guns separated by a baffle plate in a sputter-up orientation.  This dual source 

deposition allows for alternating layers of different materials to be sputtered in a single 
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processing step.  The substrates are placed, with tungsten spring clips, onto the substrate 

holder (target to substrate distance is ≈ 13 cm) which can be positioned via a computer 

controlled stepper motor.   The computer program enabled the substrate platter to be 

placed over a target for a controlled exposure time.  The control of the relative and 

absolute exposure times allows for the phase assemble of both materials to be governed 

both in the plane and normal to it.   

 

Figure 3.1  Schematic of the RF-sputtering chamber showing the location of the 
RF guns, baffling and the substrate holders. 

Substrates were cut to size using a diamond scribe, placed in an acetone bath and 

sonicated for 20 minutes; afterward the substrates were dried with compressed air and 

loaded into the chamber.  The chamber was evacuated to a base pressure of 1x10-6 Torr 

through a turbo molecular pump backed by a direct-drive mechanical rough pump.  The 
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chamber was backfilled with ultra-high purity argon (99.999%) as a processing gas, as 

controlled through a mass flow controller (24 sccm flow rate), and throttled to an 

operating pressure of 4x10-3 Torr.  Average RF powers (at 13.56 MHz) used for each of 

the target materials were 35 W, 15 W, 48 W and 30 W for ZnO, CdTe, AZO and ITO 

respectively.  While the chamber is equipped with a heated substrate holder, there was no 

intentional substrate heating used during deposition.  Based on temperature readings from 

a thermocouple inside the substrate holder the substrate temperature did not exceed 50 °C 

after 90 minutes of exposure to the plasma.  The conditions provide an overall average 

deposition rate of 0.1 nm/s for each material.  The matrix deposition rate was monitored 

in-situ via an Inficon 750-618-G1 thickness monitor with a gold coated quartz crystal 

sensor on the ZnO side of the chamber.  A small area of each substrate was masked off to 

provide a step in order to measure the total film thickness post deposition with a stylus 

profilometer (Dektak 6M).  The total film thicknesses of the sample and a witness 

sample, from the opposite sample platter, were used to calculate a nominal deposition 

rate by dividing the film thickness by the exposure time to the plasma.   

The films for this study consist of alternating layers of ZnO and CdTe iteratively 

deposited to achieve a total film thickness of approximately 400 nm.  The films are 

categorized into two main groups: films with an effective 0.5 nm CdTe layer thickness 

and films with an effective 1.5 nm CdTe layer thickness.  These thicknesses are based 

upon the nominal deposition rate and the absolute exposure time to the CdTe target.  The 

0.5 nm CdTe layer films are not expected to form complete ‘layers’ instead the film 
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growth is purposely interrupted to achieve isolated islands, whereas the 1.5 nm CdTe 

layer films are expected to form a more continuous film.  This approach allows for 

control of the phase assembly in the deposition plane (Figure 3.2).  Both sets of films 

have varying ZnO layer thicknesses, all of which are expected to be continuous.  The 

ZnO layer thicknesses vary from 1 nm to 8 nm for the 0.5 nm CdTe – ZnO series and 

from 2 nm to 15 nm for the 1.5 nm CdTe – ZnO series.  The different ZnO layer 

thicknesses allow for control of the semiconductor phase assembly normal to the 

deposition plane by altering the amount of separation between adjacent CdTe layers 

(Figure 3.3).  Since all of the films have the same overall thickness the films all have 

varying volume percentages of CdTe (ranging from 6 volume percent to 33 volume 

percent for the 0.5 nm CdTe series and 9 volume percent to 43 volume percent for the 1.5 

nm CdTe series).  Table 3.1 provides a summary of the different film structures studied. 

 

Figure 3.2  A schematic representing the different CdTe layers (dark areas) used 
in the nanocomposites and how they grow from isolated islands to a more continuous 
film depending upon the substrate exposure time to the CdTe source. 
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Figure 3.3  Schematic demonstrating the effect of increasing the ZnO layer 
thickness (lighter areas) on the amount of separation between adjacent CdTe layers 
(darker areas). 

Table 3.1 Summary of the different thin film structures studied and their CdTe 
contents. 
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3.2 THERMAL ANNEALING 

Thin film PV devices undergo a variety of processing steps to make a complete 

device.  Because the device is made in a layer-by-layer approach the first deposited layers 

are subject to the processing steps of subsequent layers. One of the most common 

treatments is thermal annealing, which helps increase crystallinity by removing defects, 

improving stoichiometry or allowing re-crystallization.  While there are advantages to 

using a process that does not require thermal annealing, such as decreased processing 

steps/time, currently most PV manufacturing processes utilize post-deposition annealing.  

This means that films must be studied under annealing conditions for a more complete 

understanding of the film properties, and changes therein, for device integration.   

Post-deposition annealing was performed in a programmable muffle tube furnace.  

The furnace has a fused silica process tube fitted with borosilicate end caps for 

atmosphere control during treatment.  The temperature is set and monitored with two 

type-K thermocouples, one inside the processing tube (process variable) at the location of 

the sample and the other outside of the tube in the middle of the heating elements (set-

point).  The samples are placed film side up onto a fused silica boat and annealed under 

flowing argon gas, controlled with a gas flow meter (300 cc/min), to maintain an inert 

atmosphere, and introduced into the tube through the use of a push rod.  The effluent gas 

is also monitored with a bubbler to ensure a constant gas flow through the entire process 

tube.  The anneal time is defined as the time between insertion and removal of the sample 

from the hot zone of the furnace.   
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Certain films were examined under isochronal annealing conditions.  The 

isochronal anneals were performed for 5 minutes at each temperature of interest with the 

same sample being used for the all the subsequent annealing temperatures as well.  For 

example a film would be characterized in the as-deposited state, annealed for 5 minutes at 

200 °C and re-characterized, then the same film would be annealed again at 300 °C for 5 

minutes and characterized again and so forth.   

3.3 STRUCTURAL ANALYSIS 

3.3.1 X-RAY DIFFRACTION 

The crystallinity and crystalline structure of the films were verified post-

deposition with X-ray diffraction (XRD).  The samples were deposited on amorphous 

fused silica, to avoid interference from a crystalline substrate, and analyzed in ambient 

conditions in a PANalytical X’Pert Pro MPD using a Cu kα source (λ= 0.154 nm) from 

20 2Θ to 80 2Θ with a step size of 0.05.  The Debye-Scherrer equation was used to 

approximate the average crystallite size in the thin films [113,114]: 

 F � GλH cosΘ (3.1) 

where F is the average domain size for a given reflection, G is a structure constant (0.9), 

H is the FWHM of the reflection of interest (rad) and Θ is the Bragg angel of the peak 

center (rad). 
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The inherent machine line broadening, and subsequent upper limit of the domain 

size for this technique, was approximated by using a mechanically ground single-crystal 

silicon wafer (Appendix A). 

3.3.2 RAMAN SPECTROSCOPY 

Raman spectroscopy gave further insight into the crystallinity of the samples 

along with the medium range order of the films and proved to be more sensitive to the 

presence of minority phases.  A Jobin Yvon Horiba Lab-Ram HR800 micro-Raman was 

used in a back-scatter configuration with an Ar ion excitation laser (λ= 514.5 nm).  The 

beam was focused with a 100x microscope objective with a corresponding 10 µm spot 

size and 3 mW incident power at the sample surface, which was below the threshold for 

irreversibly damaging the films.  Spectra for the Stokes scattering were collected for 60s 

from 100 cm-1 to 1000 cm-1 with a resolution of 2 cm-1 collected with a thermoelectrically 

cooled CCD array.  Analyzed films were deposited on fused silica and probed under 

ambient conditions.   

The background was subtracted from the data as determined by a peak fitting 

program, PeakFit (version 4), which uses a non-parametric regression algorithm to 

determine the baseline.  A thermal reduction was performed to account for differences in 

the population of the vibrational energy levels involved in the scattering process [115–

117]: 
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LM��(NO , NQ+ � L(NO , NQ+	NQ 	N��RS�(NQ+ � 1T�� 

3.2) 

where LM��(NO , NQ+ is the reduced intensity, L(NO , NQ+ is the experimental baseline 

corrected intensity, both of which are functions of both NO, the laser frequency (rad/s), 

and NQ, the Raman shift frequency (rad/s), with N� being the scattered photon frequency 

(rad/s) and �(NQ+ being the Bose-Einstein thermal phonon population factor defined as: 

 �(NQ+ = UV*	(ħ2�WXY+)� − 1Z
��

 
(3.3) 

where ħ is the reduced Plank constant (J⋅s), W is the speed of light (m/s), XQ is the Raman 

shift wavenumber, ) is Boltzmann’s constant (J/K) and � is temperature (K).  The 

following definitions were used to convert the raw data (in cm-1) to the appropriate units: 

NQ = Raman shift frequency = 2�WXQ 

N� = scattered photon frequency = 2�WX� 

X� = scattered photon wavenumber = XO −	XQ 

XO = laser wavenumber = 19436 cm-1 = 514.5 nm. 

3.3.3 X-RAY PHOTOELECTRON SPECTROSCOPY 

The chemical environment was analyzed with X-ray photoelectron spectroscopy 

(XPS), performed by collaborators at the University of Nevada, Las Vegas.  
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Measurements were taken with both Mg Kα and Al Kα sources, which allows for better 

comparisons of elemental peaks due to differences in the Auger generation from Zn.  

These films were processed without exposure to atmosphere due to the high surface 

sensitivity of the measurement.  In this case, an argon filled glove bag was used to 

withdraw the samples from the deposition chamber and the samples were vacuum sealed 

until opened in a controlled atmosphere glove box for insertion into the XPS instrument.   

XPS was used to gain insight into the formation of interfacial phases between the 

CdTe and ZnO layers and the evolution of those phases upon annealing.  The samples 

used for XPS analysis were deposited onto Si substrates and had a representative film 

structure (8 nm CdTe on top of 100 nm ZnO) which allowed for the direct probing of the 

CdTe/ZnO interface without the need for ion milling into the film.   

3.3.4 CROSS-SECTIONAL TRANSMISSION ELECTRON MICROSCOPY 

The spatial distribution of the CdTe in the ZnO matrix was verified through high 

resolution cross-sectional transmission electron microscopy (TEM).  The technique also 

allowed an estimation of CdTe domain sizes.  Cross sectional samples were prepared at 

Arizona State University (LeRoy Eyring Center for Solid State Science) through the use 

of a focused ion beam (FIB) attachment to a scanning electron microscope (SEM).  The 

FIB used Ga+ ions to mill away sections of the sample leaving a rectangular prism 

approximately 8 µm x 3 µm x 100 nm in size which included a portion of the silicon 

substrate and the entire film thickness.  The sample is then lifted out of the film with an 
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OmniProbe nanomanipulator and transferred to a copper TEM sample grid for later 

imaging.  The FIB instrument is an FEI Nova 200 with a 30 kV electron accelerating 

voltage and 7 nA ion current.  Imaging was performed with a JEOL 4000EX TEM with 

an electron accelerating voltage of 400 kV.  Selected area electron diffraction (SAD) 

patterns were also taken to confirm crystallinity and crystal structure with an SAD 

aperture approximately 300 nm in diameter and a camera length of 1.5 nm.  Simulations 

of expected SAD patterns, based off the relative phase volume percentages, were 

calculated with Advanced Simulation of PolyCrystalline Electron Diffraction Pattern 

(PECD2.0) software, which utilizes the kinetic theory of electron diffraction and obtains 

the electron atom scattering factor from a parameterized table [118–120].  The 

parameters used to simulate the patterns are in Appendix B. 

3.3.5 ATOMIC FORCE MICROSCOPY 

The surface roughness and uniformity of the films was analyzed with atomic force 

microscopy (AFM).  A Bruker Innova AFM in tapping mode was used with a scan size of 

1 µm x 1 µm at 0.4 Hz with 256 line resolution with both the forward and backward 

height signals monitored.  Films interrupted in various stages of growth were imaged to 

give insight into the evolution of the interfacial roughness between phases. 
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3.4 OPTICAL, ELECTRONIC AND OPTOELECTRONIC PROPERTIES 

3.4.1 OPTICAL ABSORPTION AND REFLECTANCE 

Absorbance measurements were taken on a Perkin-Elmer Lambda 950 UV-

visible-NIR spectrophotometer under ambient conditions on films deposited on fused 

silica substrates.  Spectra were collected from 175 nm to 3300 nm using a 1 nm step size.  

In order to account for the differences in CdTe volume percent from one phase assembly 

to another the reflection-corrected absorption coefficient was also calculated [121]: 

 [ � 	 1\ ln �=_`(1 − a+
�  (3.4) 

where [ is the absorption coefficient (cm-1), \ is the film thickness (cm), �=_` is the 

transmittance of the substrate, a is the reflectance of the sample and � is the 

transmittance of the sample.  Reflectance spectra were also measured on the Perkin-

Elmer instrument from 175 nm to 3300 nm with a 5 nm step size and at an incident angle 

of 8° from normal.   

3.4.2 HALL EFFECT  

The electronic properties of the films were analyzed using an Ecopia HMS 5000 

Hall Effect instrument in the van der Pauw configuration with a 0.55 T magnet.  The 

sheet resistance, conductivity, majority carrier type, concentration and mobility were all 

measured.  The films were deposited onto fused silica substrates cut into squares 1.25 cm 
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x 1.25 cm and utilized AZO instead of ZnO in the nanocomposite.  Measurements were 

attempted on samples using ZnO in the nanocomposite, but the carrier concentration was 

below the accepted limits for accurate results as dictated by instrument limitations (i.e. 1 

x 1018 cm-3).  Substituting AZO for the ZnO increased the carrier concentration to within 

the measureable limits of the instrument.  This also allowed the electrical properties of 

the matrix to be independently probed as the aluminum doping is the source of the 

majority of thermal carriers compared to the intrinsic CdTe.  The sample was enclosed 

inside the device during testing, isolating it from the ambient light and subsequently 

limiting any effects from photo-excited carriers.  Gold coated probes were used to make 

electrical contacts to corners of the films where current was applied.  No supplementary 

contact material was used. The film normal was oriented along the magnetic field, 

meaning the properties measured were in the film plane (perpendicular to the field).  The 

instrument allows for measurements to be performed from 80 K to 350 K, (liquid 

nitrogen cooling).  Temperature dependent measurements allowed for insight into the 

carrier scattering mechanisms (see Section 2.2). 

3.4.3 PHOTOCONDUCTIVITY 

The CdTe is not expected to contribute many thermal carriers in the 

nanocomposite, due to the low intrinsic carrier concentration, but should be the main 

source of photocarriers.  Photoconductivity measurements were performed on samples 

deposited onto soda-lime silicate glass pre-coated with indium-tin oxide (ITO), which 
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serves as a bottom contact.  After the nanocomposite deposition, ITO top contacts were 

sputtered on to the films through an aluminum shadow mask producing an array of 2 mm 

diameter contact pads, which allowed for multiple sampling regions on the same thin film 

specimen.  The overall test structure consisted of an ITO/CdTe – ZnO 

nanocomposite/ITO film stack.  The entire film structure was then annealed at 400 °C for 

10 minutes to improve the crystallinity.  Samples tested in the as-deposited state 

produced no measureable photocurrent, possibly due to a high contact resistance between 

the ITO and ZnO which has been shown to improve upon annealing at 400 °C [122,123].  

Spectrally resolved photocurrent was measured using a solar cell spectral response 

instrument (PV Measurements Inc., QEX7).  A DC bias of 2.5 V was applied through the 

film normal between the ITO electrodes from 300 nm to 1100 nm with a 5 nm step size, 

15s collection time and averaged three times.  Due to low power output from the lamp, 

photocurrent measurements for wavelengths less than 360 nm are unreliable.  Samples 

were illuminated from the top through the ITO pads and had no measureable dark 

current.     

3.5 DEVICE ARCHITECTURES 

The nanocomposite thin films were inserted into two different device 

architectures as a spectrally sensitized n-type heterojunction component.  For an 

inorganic device, the heterojunction was completed with a p-type material, copper-

indium-gallium-diselenide (CIGS), which is used commercially in flexible thin film PV.  
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The CIGS absorber has a molybdenum back contact on a stainless steel foil substrate 

(provided by Global Solar Inc.).  The CIGS substrates were loaded directly into the 

sputter chamber for the nanocomposite deposition.  After the nanocomposite film, ITO 

was subsequently deposited as a top contact (Figure 3.4).  The flat band diagram for the 

junction materials is in Figure 3.5 [124].  As stated earlier (Section 2.7) the ZnO 

properties are assumed to define the nanocomposite junction with the CIGS absorber.  

The CIGS substrate has a band gap of 1.2 eV, meaning it already absorbs over a wide 

range of the solar spectrum, thus decreasing the need for a spectrally sensitized window 

layer.  Traditional CIGS based devices use CdS, chemical bath deposited, as a buffer 

layer on the CIGS absorber followed by a ZnO window layer.  The CdS layer limits the 

energy conversion of the device for shorter wavelengths by absorbing light outside of the 

depletion region [124,125].  The CdTe – ZnO nanocomposite as the buffer/window layer 

can potentially substitute for the CdS buffer layer, traditionally used in a CIGS device, to 

improve carrier generation at the junction. 
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Figure 3.4  Diagram of the different layers of the inorganic nanocomposite/CIGS 
device. 
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Figure 3.5  Flat band diagram of the bulk electron affinity and band gap values for 
the materials in the nanocomposite/CIGS device. 

The second device structure is based on a polymeric p-type heterojunction 

element.  Polythiophene is a conductive polymer with delocalized electrons along the 

conjugated π-orbitals and can be made p-type via oxidation (Figure 3.6) [126].  The 

polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) is a common polymer absorber layer 

used in organic PV devices (Figure 3.7) [127–129].  For a hybrid device, P3HT was used 
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as a p-type layer, again with the nanocomposite completing the heterojunction as the n-

type layer.     

 

Figure 3.6  Thiophene monomer. 

 

Figure 3.7  Poly(3-hexylthiophene-2,5-diyl) repeat unit. 

The polymer was purchased commercially (Sigma-Aldrich), in regioregular form, 

and dissolved in toluene (1 mL toluene to 15 mg polymer) under constant stirring at 60 

°C for 1 week.  Approximately 100 µL of polymer was then pipetted out and spin coated 

onto the substrate, a pre-deposited nanocomposite film on an ITO substrate, ramped to an 

RPM of 1500 with a 60s hold time; the resultant polymer film was approximately 60 nm 

thick.  Silver metal contacts were then thermally evaporated onto the polymer film, 

approximately 100 nm thick, in a bell jar (Denton Vacuum, DV-515) and the entire 

device was aged 5 days prior to testing (Figure 3.8).  Figure 3.9 is the flat band diagram 

of P3HT and the nanocomposite, with ZnO defining the junction [130].  Each material in 

the nanocomposite/P3HT device has a unique contribution to the spectral absorbance 
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allowing for the contribution of each phase in the device to be determined in terms of 

charge generation and transport based on the spectral response of the complete device.   

 

Figure 3.8  Diagram of the different layers of the hybrid nanocomposite/P3HT 
device. 
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Figure 3.9  Flat band diagram of the bulk electron affinity and band gap values for 
the materials in the hybrid device.  

3.6 DEVICE TESTING 

Both the hybrid and inorganic devices were tested for current versus voltage (I-V) 

characteristics and external quantum efficiency (EQE).  The I-V testing was performed 

with a Keithley DMM 2000 and 2420 source meter with an uncalibrated xenon arc lamp 

(500 W).  A LabVIEW program was used to interface with the DMM and source meter 

and acted as the data logger.  Aluminum point probes were used to contact the devices 
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and a voltage range of 0.3 V to 1.2 V (forward to reverse sweep direction with a 0.02 V 

step size) was used.  The Voc, Jsc and FF were calculated with this information.  A beam 

splitter was used to monitor the incoming light power density (≈ 100 mW/cm2 at the cell 

surface) and spectral makeup.  The hybrid device was illuminated through the soda-lime 

silicate substrate so the larger band gap nanocomposite material was illuminated before 

the lower band gap organic material.   

The spectrally resolved EQE measurements were performed on a solar cell 

spectral response instrument (PV Measurements Inc., QEX7).  The instrument uses a 

xeon-arc lamp (65 W) illumination source with a 75 Hz chopper frequency and a 

monochromator to scan from 300 nm to 1100 nm.  The instrument is calibrated with a 

NIST certified Si photodiode.  The spot size is approximately 0.2 cm x 0.75 cm which is 

on the order of the size of the top contacts for the devices.  Contact was made to the 

sample with aluminum point probes directly to the ITO and silver with measurements 

taken in 5 nm increments averaged three times with a 15s collection time each.   
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4. RESULTS 

4.1 STRUCTURAL EVALUATION  

4.1.1 X-RAY DIFFRACTION 

The diffractograms of single-phase ZnO and CdTe are shown in Figure 4.1.  The 

ZnO single-phase film is crystalline in the as-deposited state with a hexagonal wurtzite 

structure (JCPDS # 36-1451) and has a preferred orientation in the (002) direction, along 

the c-axis, when compared to a polycrystalline powder sample (Appendix C).  Likewise 

the CdTe single-phase film is crystalline upon deposition, but in a cubic zincblende 

structure (JCPDS # 75-2086) with a preferred orientation in the (111) direction, again 

compared to a polycrystalline powder sample (Appendix C).  The average size of the 

domains is 17 ± 4 nm and 16 ± 5 nm for ZnO and CdTe respectively, as determined via 

line broadening of the major reflections. 
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Figure 4.1 Diffractograms of single-phase A) ZnO and B) CdTe thin films in the 
as-deposited state. 

The diffractograms for the nanocomposite films are dominated by the ZnO phase 

in both the 0.5 nm and 1.5 nm CdTe – ZnO nanocomposites, as seen in Figure 4.2 and 

Figure 4.3.  The crystallinity of the ZnO phase increases as the CdTe volume percent 

decreases, as indicated by the FWHM values for the (002) peak located at 2Θ = 34.3° 

(Figure 4.4 and Figure 4.5) [20].  No CdTe phase is detected with the current scan 

resolution although a small peak at 2Θ = 29.5° in the 0.5 nm CdTe – ZnO films 

(indicated by the arrow in Figure 4.2) is associated with CdTe oxide, tentatively assigned 

as CdTeO3 [131].   
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Figure 4.2 Difractograms of 0.5 nm CdTe – ZnO nanocomposites.  The arrow 
indicates a reflection due to CdTe oxide. 
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Figure 4.3 Diffractograms of 1.5 nm CdTe – ZnO nanocomposites. 
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Figure 4.4 Comparison of the ZnO (002) peak FWHM and CdTe vol% in the 0.5 
nm CdTe – ZnO films. 
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Figure 4.5 Comparison of the ZnO (002) peak FWHM and CdTe vol% in the 1.5 
nm CdTe – ZnO films. 

To improve the crystallinity of the films a 400 °C anneal was performed for 10 

minutes.  Figure 4.6 shows the 0.5 nm CdTe – ZnO nanocomposites after the annealing 

step.  In addition to an increase in crystallinity for the ZnO phase, reflections associated 

with CdTe also appear at 2Θ = 23.7° and 31.1° which correspond to wurtzite CdTe and 

CdTeO3 respectively.  The 1.5 nm CdTe – ZnO nanocomposites, Figure 4.7, also show an 

increase in ZnO crystallinity after annealing and a reflection for wurtzite CdTe at 2Θ = 

42.7° in addition to the CdTe (111) zincblende reflection at 23.7° (JCPDS # 19-0193) 

[132].   
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Figure 4.6 Diffractograms of 0.5 nm CdTe – ZnO films annealed at 400 °C for 10 
minutes (reflections marked with ‘*’ are associated with wurtzite CdTe, while ‘+’ are 
CdTeO3 and the unlabeled peaks are ZnO). 
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Figure 4.7 Diffractograms of 1.5 nm CdTe – ZnO films annealed at 400 °C for 10 
minutes (reflections denoted with ‘*’ are associated with wurtzite CdTe). 

Higher temperature anneals, 550 °C and 750 °C for 5 minutes, were also 

performed on a 1.5 nm – 15 nm CdTe – ZnO film structure (Figure 4.8) [20].  As the 

anneal temperature increases the FWHM of the ZnO (002) peak decreases and the (100) 

and (101) reflections also decrease in height.  Figure 4.9 is a higher resolution scan which 

also shows reflections associated with CdTeO3 (2Θ = 31.1° and 37.6°) and wurtzite CdTe 

(2Θ = 23.7° and 42.7°) as seen in nanocomposites with a higher CdTe volume percent.   
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Figure 4.8 Diffractograms of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite film 
annealed at high temperature. 
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Figure 4.9 Higher resolution scans of the range of interest in the 1.5 nm – 15 nm 
CdTe – ZnO nanocomposite high temperature anneal film series (reflections marked with 
‘*’ are associated with wurtzite CdTe, while ‘+’ are CdTeO3 and the unlabeled peaks are 
ZnO).   
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The reflections for the nanocomposite films with their corresponding phases are 

summarized in Table 4.1.  The XRD data as a whole indicates that the nanocomposites 

are composed of CdTe and ZnO as distinct phases, both with a wurtzite crystal structure.  

Increased CdTe volume percent leads to a reduction in the ZnO phase crystallinity, as 

seen in the FWHM values.  This decrease in crystallinity was verified to be from the 

CdTe phase and not due to the iterative nature of the deposition technique (Appendix D).  

Even in the as-deposited state there is an oxide of CdTe (CdTeO3) present which 

becomes more prevalent upon annealing.   

Table 4.1 X-ray diffraction reflections of the CdTe – ZnO nanocomposite thin 
films [131,132]. 

 

4.1.2 RAMAN SPECTROSCOPY 

Vibrational spectroscopy was utilized to probe the medium range structure of the 

nanocomposite films for better insight into minor, shorter range order, phases.  Raman 
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spectra for single-phase ZnO and CdTe films are in Figure 4.10.  The ZnO film has a 

resonance at 438 cm-1, denoted E2-high, which is attributed to the oxygen sub-lattice and 

is one of the main resonances for ZnO [133].  The CdTe film exhibits two resonances, the 

LO peak at 160 cm-1, and a two phonon peak at 331 cm-1, 2LO, with possible additional 

overtones at higher wavenumbers, which are indicative of highly crystalline CdTe 

[71,134]. 
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Figure 4.10 Raman signatures for A) ZnO and B) CdTe single-phase thin films, 
resonances marked with an asterisk ‘*’ are from the fused silica substrate. 

Figure 4.11 and Figure 4.12 contain the Raman signatures of the 0.5 nm and 1.5 

nm CdTe – ZnO nanocomposites respectively.  In all the nanocomposite films the main 
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resonance is an asymmetric peak at 570 cm-1, which is attributed to LO modes of ZnO, 

most likely A1 and E1 according to the literature [135].  These peaks are enhanced in the 

nanocomposites due to electric field induced (EFI) Raman scattering arising from charges 

being trapped at the grain boundaries or interfacial area between phases.  The EFI 

enhancement is typically attributed to the formation of a depletion layer at the crystallite 

grain boundary from a high density of interface states which trap carriers and form a 

potential barrier causing a built-in electric field across the grain [136].  A small peak at 

275 cm-1 is also present and is associated with the B1 mode of ZnO.  This mode is 

normally Raman silent but it can become active due to a loss of translational symmetry in 

the ZnO, typically associated with the presence of dopants and/or EFI effects [136–138].  

As the CdTe volume percent decreases the 438 cm-1 peak becomes more pronounced as a 

shoulder to the 570 cm-1 peak.  The CdTe LO resonance, 165 cm-1, is present even at low 

volume percentages, demonstrating the higher sensitivity of Raman scattering to minor 

phases. 
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Figure 4.11 Vibrational spectra for the 0.5 nm CdTe – ZnO nanocomposites in an 
as-deposited state.   
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Figure 4.12 As-deposited vibrational signatures of the 1.5 nm CdTe – ZnO 
nanocomposites. 

Low- and high-CdTe-content nanocomposites were isochronally annealed and the 

changes in medium-range structure monitored.  Figure 4.13 and Figure 4.14 have 

representative data of the changes in structure upon annealing for samples with 10 

volume percent CdTe [20].  Figure 4.13 is of the 1.5 nm – 15 nm CdTe – ZnO 

nanocomposite and for temperatures less than 550 °C there is minimal change to the 

Raman signature.  The LO peak of CdTe becomes sharper as the CdTe crystallinity 

improves and the 570 cm-1 peak for the ZnO decreases in relative height.  The decrease in 

height of the 570 cm-1 resonance is associated with changes in the EFI Raman scattering, 

as the number of trapped carriers at the grain boundaries decreases with anneal 
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temperature [136,137].  For temperatures greater than 550 °C the signature of the 

nanocomposite begins to change with the emergence of the 438 cm-1 ZnO peak.  At 750 

°C two new resonances appear at 120 cm-1 and 140 cm-1 which are from Te precipitates 

suggesting the onset of thermal decomposition of the CdTe phase [139].  By 800 °C no 

resonances associated with CdTe are present and the signature is dominated by the 438 

cm-1 ZnO peak. 
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Figure 4.13 Raman signatures of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite 
isochronally annealed.  A) As-deposited to 550 °C B) 650 °C to 800 °C. 

For the 0.5 nm – 5 nm CdTe – ZnO nanocomposite, Figure 4.14, at temperatures 

less than 600 °C there is an increase in crystallinity of the CdTe phase and a reduction in 
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the EFI scattering for the ZnO phase.  Additionally, a broad peak appears at 300 °C at 

approximately 310 cm-1.  This peak increases in relative height up through 600 °C and is 

associated with CdO in a wurtzite crystal structure [140].  At temperatures greater than 

600 °C the 438 cm-1 ZnO peak is enhanced, as in the 1.5 nm – 15 nm CdTe – ZnO 

nanocomposite, and at 700 °C the resonances associated with Te precipitates also appear.  

In contrast to the previous phase assembly, by 725 °C no resonances associated with 

CdTe are apparent. 
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Figure 4.14 Vibrational spectra of an isochronal anneal of a 0.5 nm – 5 nm CdTe 
– ZnO nanocomposite A) As-deposited to 500 °C B) 600 °C to 725 °C. 
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A phase assembly with a higher CdTe volume percent was also subject to an 

isochronal annealing series.  Figure 4.15 depicts the Raman signature of a 0.5 nm – 1 nm 

CdTe – ZnO nanocomposite thin film.  The as-deposited state has a strong CdTe LO peak 

and a very broad ZnO peak centered around 544 cm-1, which appears shifted due to the 

influence of the underlying fused silica peak.  As in other phase assemblies studied a 

peak corresponding to CdO appears at 300 °C and the 438 cm-1 ZnO peak at 600 °C.  The 

film does not have a large EFI peak probably due to a dearth of charge carriers.  The 

CdTe LO peak sharpens with increased annealing temperature through 600 °C consistent 

with other phase assemblies examined.  At 600 °C a pronounced peak appears at 327 

cm-1, which can be associated with a multi-phonon mode of ZnO [133].  By 650 °C only 

the 438 cm-1 ZnO peak remains and no resonances associated with other phases are 

present.  A similar trend was seen in a 1.5 nm – 2 nm CdTe – ZnO phase assembly under 

isochronal annealing conditions (not shown) except it lacked the resonance associated 

with CdO. 
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Figure 4.15 Raman signature of a 0.5 nm – 1 nm CdTe – ZnO nanocomposite 
annealed from A) as-deposited to 400 °C and B) 500 °C to 650 °C. 

Table 4.2 summarizes the Raman resonances associated with the nanocomposites 

studied.  Consistent with the XRD data, the Raman signatures show the CdTe and ZnO to 

be distinct phases, yet lacks resonances typically associated with CdTe oxides [141].  

Thermal decomposition of the CdTe phase occurs at temperatures above 700 °C, with the 

occurrence of Te precipitates.  The CdTe resonances then disappear after additional 

subsequent annealing; only leaving resonances associated with the ZnO matrix.  The lack 

of resonances associated with CdTe oxide and the presence of resonances associated with 

CdO are not necessarily in conflict with the XRD data.  Raman resonances for CdTe 

oxide are based on TeOx trigonal pyramid moieties [141], which may be absent in the 
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nanophase.  Likewise, the CdO resonance is associated with the Cd sub-lattice in a 

hexagonal crystal structure [140] and may not be specific to only CdO.  Additionally, 

with both ZnO and CdTeO3 having band gaps higher than the excitation wavelength, low 

Raman signal intensity is expected due to a lack of resonance enhancement.  

Table 4.2 Raman resonances of the nanocomposite thin films *note M.P. denotes 
multi-phonon mode [71,133,139,140]. 

 

4.1.3 X-RAY ELECTRON SPECTROSCOPY 

In order to study the chemical environment of the CdTe and ZnO phases XPS was 

performed on representative samples (8 nm CdTe on 100 nm ZnO) with collaborators at 

the University of Nevada, Las Vegas [142].  Films were investigated in both the as-

deposited state and after annealing at 525 °C for 20 minutes.  Figure 4.16 – Figure 4.18 

show the binding energies before and after annealing for Zn, Cd and Te respectively.  

The as-deposited film had a very small Zn 2p peak, most likely due to an incomplete 
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CdTe top layer.  The binding energy suggests the Zn environment includes organics, 

which were probably adsorbed onto the ZnO surface [143].  Changes in chemical 

environment for both Cd 3d and Te 3d peaks are accompanied by small shifts in electron 

binding energy.  The Auger parameter, the sum of the electron binding energy and the 

Auger kinetic energy, provides a more precise method to determine the chemical 

environment [144].  In the as-deposited film both the Cd and Te Auger parameters agree 

well for a CdTe environment.   

After annealing, the film had an enhanced Zn 2p peak, consistent with a ZnO 

environment, and reduced Cd 3d and Te 3d peaks.  The reduced signal for both the Cd 3d 

and Te 3d peaks appears to be due to loss of the CdTe phase during the annealing step.  

Other films examined with a thinner CdTe top layer (2 nm) showed no Cd and severely 

reduced Te present after being annealed (not shown) consistent with a loss of the CdTe 

phase.  The post-anneal Cd 3d and Te 3d energy shifts both suggest an oxide 

environment, with the Auger parameters indicating CdTeO3 as the probable phase, which 

is a common thermal oxide for CdTe [145].  Table 4.3 – Table 4.5 summarize the data 

along with some reference values for various other compounds containing the given 

materials [143,146–149]. 
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Figure 4.16 Binding energy of Zn 2p peak in a representative CdTe – ZnO film 
as-deposited and annealed at 525 °C [142]. 

Table 4.3 Electron binding energies of Zn 2p peak for this study and other 
common Zn environments for comparison [143]. 
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Figure 4.17 Binding energy of Cd 3d peak for a representative as-deposited and 
525 °C annealed thin film [142]. 

Table 4.4 Electron binding energies, Auger kinetic energies and Auger parameters 
of Cd 3d peak for this study and common Cd environments [146,147]. 
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Figure 4.18 Binding energy of Te 3d peak in a representative film in an as-
deposited and 525 °C annealed state [142].   
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Table 4.5 Electron binding energies, Auger kinetic energies and Auger parameters 
for Te 3d peak in this study and other common Te environments [146–149]. 

 

The XPS data is consistent with the XRD and Raman data in showing the 

presence of a CdTe oxide, specifically CdTeO3, after post deposition annealing.  

Additionally, the reduction in Cd 3d and Te 3d peak signals after annealing reinforces the 

thermal decomposition of the CdTe phase upon high temperature annealing as seen in 

Raman signature of the isochronally annealed nanocomposites.  

4.1.4 TRANSMISSION ELECTRON MICROSCOPY 

Cross sectional TEM was used to verify the deposition schedule and the spatial 

distribution of the phases in the nanocomposites along the film normal.  Micrographs of 

single-phase ZnO in the as-deposited state and after a 400 °C anneal for 10 minutes are 

provided in Figure 4.19.  The ZnO grains in the as-deposited film are approximately 20 
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nm in width, which agrees well with the XRD grain size estimation, and exhibit columnar 

growth that extends throughout the entire thickness of the film.  High-resolution images 

(not shown) demonstrated lattice fringes suggesting a high level of film crystallinity.  The 

varying contrasts seen across the field of view arise from multiple mechanisms, such as 

moiré fringing (upper right) and diffraction effects from grain development (left side).  

The selected area diffraction (SAD) pattern (Figure 4.19 inset) consists of a spotted ring 

pattern indicative of a polycrystalline film with large grains.  The arcs of greater intensity 

area (or ‘smeared’ spots) directly above and below the transmitted beam are texturing 

effects which confirm a preferred orientation of the grains.  The annealed film has an 

average grain size of approximately 50 nm with columnar grains.  The film is 

polycrystalline according to the SAD pattern, although with the larger grain size limiting 

the number of grains contributing to the SAD pattern the typical ring construction is 

diminished.  The line of brighter intensity spots between the 10 and 4 o’clock positions 

again indicates a preferred orientation of the sampled grains.    
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Figure 4.19 TEM micrographs with SAD pattern insets for A) as-deposited ZnO 
and B) 400 °C annealed ZnO.  

Representative images of selected as-deposited nanocomposites are in Figure 

4.20.  For nanocomposites with a 0.5 nm CdTe – ZnO layer structure (Figure 4.20 A and 

B) the contrast is fairly uniform across the field of view and resembles that of the single-

phase ZnO, although in these films the ZnO grain width is approximately half that of the 

single-phase ZnO.  For the films with 1.5 nm CdTe –ZnO layer structure (Figure 4.20 C 

and D) the darker layers correspond to the CdTe phase, while the lighter layers are ZnO.  

In these films, the multi-step deposition procedure can be easily distinguished as 

alternating rows of lighter and darker layers.  For the highest CdTe volume percent film 

(Figure 4.20 C) the SAD pattern inset shows a more diffused ring pattern, consistent with 

a lower degree of crystallinity in the ZnO phase, as seen in the XRD diffractograms.  The 

abundant presence of grain boundaries in the 1.5 nm – 2 nm CdTe – ZnO nanocomposite 

disrupt the longer range order of the nanocomposites and is indicative of a 
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nanocrystalline state. The low CdTe volume percent films (Figure 4.20 B and D) 

conversely are polycrystalline as demonstrated by the speckled rings constituting the 

pattern.  The SAD pattern of the 0.5 nm – 1 nm CdTe –ZnO nanocomposite (Figure 4.20 

A) is a combination of both diffuse and speckled rings with the decrease in crystallinity 

due to the CdTe acting as defects in the larger ZnO grains .  All the films studied 

displayed lattice fringing in the ZnO matrix indicating that despite the diffuse rings in the 

SAD patterns for the high volume fraction CdTe phase assemblies the ZnO is still 

crystalline.   
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Figure 4.20 TEM micrographs with SAD pattern insets of various as-deposited 
CdTe – ZnO nanocomposite phase assemblies. A) 0.5 nm – 1 nm; B) 0.5 nm – 8 nm; C) 
1.5 nm – 2 nm and D) 1.5 nm – 15 nm. 

Upon annealing the ZnO grains grow and the contrast variation between the two 

phases is reduced, as seen in Figure 4.21 [20].  In the as-deposited 1.5 nm – 15 nm CdTe 

– ZnO nanocomposite film the different layers and phases are distinct.  Upon annealing at 

400 °C the ZnO grains begin to grow and disrupt the CdTe layers.  By 550 °C the layered 
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structure is no longer evident but the ZnO grains are equiaxed and approximately 15 nm 

in size, similar to the original deposition spacing.  After 775 °C the ZnO grains are 

approximately 50 nm in size, similar to annealed single-phase ZnO, and no longer give 

any indication of the original as-deposited, phase arrangement.  For the films with a 0.5 

nm CdTe – ZnO structure the ZnO columnar grain growth is maintained upon annealing 

and reaches the same grain size as annealed single-phase ZnO by 400 °C (not shown). 
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Figure 4.21 TEM micrographs with SAD pattern insets of a 1.5 nm – 15 nm 
nanocomposite A) as-deposited; B) 400 °C; C) 550 °C and D) 775 °C *note difference in 
scale bar. 

The SAD patterns should be a combination of both the CdTe and ZnO phases.  In 

order to facilitate the deconvolution of the composite pattern, simulations of the expected 

pattern were compared to patterns from the actual nanocomposites.  Figure 4.22 is an 

SAD pattern of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite annealed at 550 °C for 5 
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minutes with a simulated pattern overlay.  The rings associated with the blue colored 

peaks are for wurtzite CdTe while the rings corresponding to the red peaks are for ZnO, 

both in a wurtzite crystal structure.  Rings for both the CdTe and ZnO phases are 

discernible on the simulation with corresponding rings in the nanocomposite SAD 

pattern.  The rings closest to the transmitted beam correspond well to the simulated 

spacings for wurtzite CdTe.  Due to the low volume fraction and polycrystallinity of the 

CdTe the rings are faint and not completely formed.  The next set of major rings match 

well for the ZnO phase, but also, according to the simulation, should have contributions 

from the CdTe phase as well.  The simulated patterns for the CdTe and ZnO appear to 

account for all the rings observed in the nanocomposite.  No rings corresponding to an 

oxide phase are discernible, yet the theoretical spacings would be among the major rings 

for ZnO, making it unlikely they could be differentiated.   
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Figure 4.22 Overlay of a simulated SAD pattern and an experimental SAD pattern 
of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite annealed at 550 °C for 5 minutes.  
Simulated blue peaks are for CdTe and red peaks are for ZnO. 

Consistent with the other structural data two distinct phases are visible in the 

TEM micrographs and SAD patterns.  The nanocomposite phase assembly closely 

matches that of the deposition schedule and leads to alternating layers of ZnO and CdTe.  

The 0.5 nm CdTe – ZnO films are dominated by the ZnO columnar grain growth, while 

the 1.5 nm CdTe – ZnO films the ZnO grain growth is inhibited by the presence of the 

CdTe layers.  The size of the ZnO grains in the 0.5 nm CdTe – ZnO nanocomposites 

quickly reaches that of single-phase ZnO upon annealing.  For the 1.5 nm CdTe – ZnO 

nanocomposites the ZnO grains are not columnar even after a 775 °C anneal, showing the 
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CdTe severely disrupts the ZnO grain growth through the film, although after 775 °C the 

width of the ZnO grains is equal to that of the single-phase film.  In the as-deposited state 

the crystallinity of the nanocomposites, consistent with a qualitative assessment of the 

SAD patterns, is inversely proportional to the CdTe volume percent, as seen in the XRD 

data.   

4.1.5 ATOMIC FORCE MICROSCOPY 

In order to analyze the in-plane morphology AFM was performed on a variety of 

films at various stages of growth.  Single-phase films with a single layer thickness were 

analyzed on a bare Si substrate.  The CdTe layer thicknesses show that the 0.5 nm film is 

not continuous, but rather has isolated islands about 2 nm in height (the large lighter 

features).  The surface roughness for areas devoid of the larger features is approximately 

3 times higher than just bare Si (Appendix E) suggesting the presence of smaller CdTe 

domains on the Si surface along with the larger islands.  The 1.5 nm film is continuous 

and covers the majority of the substrate with an average height approximately equal to 

the deposited thickness (Figure 4.23).  The 5 nm ZnO thickness is also continuous, covers 

most of the substrate and is about 4 nm thick.  The 15 nm ZnO thickness completely 

covers the substrate and has a surface roughness less than 0.1 nm, similar to the bare Si 

substrate (Appendix E) (Figure 4.24).  Table 4.6 summarizes the roughness values and 

void fractions of the single-phase films. 
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Figure 4.23 AFM images of A) 0.5 nm CdTe and B) 1.5 nm CdTe on Si 
substrates. 

 

Figure 4.24 AFM images of A) 5 nm ZnO and B) 15 nm ZnO on Si substrates. 
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Table 4.6 Summary of the thicknesses, roughness values and void fractions of 
single-phase CdTe and ZnO films on a Si substrate. 

 

The morphology of nanocomposite films was also studied.  Deposition of select 

films was interrupted at various stages in order to monitor the changes in morphology as 

the thickness of the film increased.  The terminating layer was ZnO at all stages and 

therefore the surface roughness values and grain sizes are assumed to be that of the ZnO 

phase.  The progression of a 0.5 nm – 5 nm CdTe – ZnO film is shown in Figure 4.25 

with the 400 nm thick film in Figure 4.26.  The surface roughness values and grain sizes 

are summarized in Table 4.7.  A buffer layer of 5 nm of ZnO was deposited onto the 

substrate before subsequent film deposition keeping with the typical deposition schedule 

for other films.  The surface morphology is consistent throughout the film growth with, 

what are assumed to be, columnar grains packed close together, as seen in the TEM 
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images.  The surface roughness increases with deposited film thickness as does the grain 

size throughout the complete film deposition. 

 

Figure 4.25 AFM images of a 0.5 nm – 5 nm CdTe – ZnO nanocomposite after A) 
1 cycle, B) 6 cycles, C) 12 cycles and D) 15 cycles of film deposition. 
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Figure 4.26 AFM image of a 400 nm (75 cycles) 0.5 nm – 5 nm CdTe – ZnO 
nanocomposite thin film. 

Table 4.7 Summary of the deposited thicknesses, roughness values and average 
grain sizes of a 0.5 nm – 5 nm CdTe – ZnO nanocomposite thin film in various stages of 
deposited thickness. 

 

The progression of a 1.5 nm – 15 nm CdTe – ZnO film is shown in Figure 4.27 

with the completed 400 nm film in Figure 4.28.  The surface roughness values and grain 
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sizes are summarized in Table 4.8.  Again, the films had a 15 nm ZnO buffer layer 

deposited onto the bare substrate before subsequent film deposition.  With the increase in 

CdTe layer thickness there are several changes in surface morphology throughout the 

film growth.  The film surface after the first deposition cycle is relatively uniform and 

smooth (Figure 4.27 A).  After the second cycle the surface is inhomogeneous with areas 

of large grains in an apparently amorphous matrix (Figure 4.27 B).  The surface has 

undergone major morphological changes again by the fourth deposition cycle with a more 

homogeneous surface but areas of exaggerated grain growth (Figure 4.27 C).  By the fifth 

cycle the grains are uniform in size (Figure 4.27 D).  The 400 nm thick film has close 

packed grains similar in size to the 400 nm 0.5 nm – 5 nm CdTe – ZnO film, although the 

surface roughness for the 1.5 nm – 15 nm CdTe – ZnO film is about half that of the 0.5 

nm – 5 nm CdTe – ZnO film (Figure 4.28). The lack of pronounced and well defined 

grains in the 400 nm thick 1.5 nm – 15 nm CdTe – ZnO film (Figure 4.28) compared to 

the 400 nm thick 0.5 nm – 5 nm CdTe – ZnO film (Figure 4.26) highlights the effect of 

the thicker CdTe phase layer on the ZnO crystallinity. 
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Figure 4.27 AFM images of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite after 
A) 1 cycle, B) 2 cycles, C) 4 cycles and D) 5 cycles of film deposition. 
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Figure 4.28 AFM image of a 400 nm thick (24 cycles) 1.5 nm – 15 nm CdTe – 
ZnO nanocomposite thin film. 

Table 4.8 Summary of the deposited thicknesses, roughness values and average 
grain sizes of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite thin film in various stages of 
film deposition. 

 

The AFM images show a large amount of variability in ZnO grain size and 

surface roughness as the nanocomposites are deposited.  This gives rise to ample 
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opportunity for adjacent CdTe ‘layers’ and domains to be in close proximity and interact 

with each other.  The average heights of the individual layers of both ZnO and CdTe 

appear to be consistent with measurements of the cross-sectional TEM micrographs.  The 

0.5 nm CdTe layer (Figure 4.23 A) demonstrates growth behavior consistent with the 

anticipated island growth mechanism with many smaller domains of CdTe and fewer 

larger domains where the CdTe has coalesced.  The single-phase ZnO layers (Figure 

4.24) in contrast form near-complete layers instead of islands.  The 1.5 nm CdTe – ZnO 

film had the most varied surface morphology due to the CdTe disrupting the ZnO growth 

behavior, consistent with the TEM cross sectional images.       

4.2 OPTICAL, ELECTRONIC AND OPTOELECTRONIC PROPERTIES 

4.2.1 ABSORBANCE 

The absorbance of single-phase ZnO and CdTe thin films are provided in Figure 

4.29.  The ZnO film is highly transparent, whereas the CdTe begins absorbing around 

900 nm.  The absorbance for the as-deposited 0.5 nm CdTe – ZnO nanocomposites is in 

Figure 4.30 with the 1.5 nm CdTe – ZnO as-deposited nanocomposites in Figure 4.31.  

Both series exhibit superimposed Fabry-Perot thin film interference, which limits 

quantitative analysis of the absorption onset, yet in general both series experience a blue 

shift in absorption onset for increasing ZnO layer thickness.  For the thicker ZnO layers, 

5 nm and 8 nm in the 0.5 nm CdTe – ZnO nanocomposites and 10 nm and 15 nm in the 
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1.5 nm CdTe – ZnO nanocomposites, there is a saturation effect in the blue shift of the 

absorption onset, where an increase in ZnO layer thickness does not induce any further 

shift in absorption. 
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Figure 4.29 Absorbance of single-phase ZnO and CdTe thin films. 
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Figure 4.30 Absorbance of the as-deposited 0.5 nm CdTe – ZnO nanocomposites. 
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Figure 4.31 Absorbance of the as-deposited 1.5 nm CdTe – ZnO nanocomposites. 

Due to the different relative amounts of CdTe in the various phase assemblies the 

reflection-corrected absorption coefficient was also calculated and is shown in Figure 

4.32 and Figure 4.33 for the 0.5 nm and 1.5 nm CdTe – ZnO nanocomposites 

respectively.  This allows for a more direct comparison of the absorption behavior 

independent of the CdTe volume percent in the nanocomposite.  A general blue shift in 

the absorption onset with increased ZnO layer thickness is still observed, although some 

of the shifts are less significant in magnitude.  Select phase assemblies also showed the 

same trend (not shown) when the total film thickness was adjusted to maintain equal 

amounts of CdTe in the optical beam path (i.e. a 690 nm thick 0.5 nm – 2 nm CdTe – 
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ZnO nanocomposite has the same ‘effective’ total CdTe thickness as a 400 nm thick 0.5 

nm – 1 nm CdTe – ZnO nanocomposite).   
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Figure 4.32 Absorption coefficient of the as-deposited 0.5 nm CdTe – ZnO 
nanocomposites. 
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Figure 4.33 Absorption coefficient of the as-deposited 1.5 nm CdTe – ZnO 
nanocomposites. 

The absorbance spectra of films with the same amount of CdTe were also 

compared.  The 1.5 nm – 2 nm CdTe – ZnO phase assembly was compared to a single-

phase thin film of CdTe with an equivalent amount of CdTe, in this case approximately 

180 nm (Figure 4.34).  The nanocomposite absorption onset is blue shifted by 

approximately 0.3 eV compared to the single-phase film.  Figure 4.35 is the absorbance 

spectra of the 0.5 nm – 5 nm CdTe – ZnO and 1.5 nm – 15 nm CdTe – ZnO thin films, 

both of which have 9 volume percent CdTe.  The 0.5 nm – 5 nm CdTe – ZnO phase 

assembly is blue shifted in comparison to the 1.5 nm – 15 nm CdTe – ZnO thin film by 

about 0.3 eV [20]. 
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Figure 4.34 Absorbance spectra of a 1.5 nm – 2 nm CdTe – ZnO nanocomposite 
and a single-phase CdTe film with the same amount of CdTe (180 nm). 
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Figure 4.35 Absorbance spectra of two phase assemblies, 0.5 nm – 5 nm CdTe – 
ZnO and 1.5 nm – 15 nm CdTe – ZnO, with the same amount of CdTe (9 vol%). 

Isochronal annealing was performed on films to investigate changes in the 

absorption properties in addition to the structure changes already noted (Section 4).  

Figure 4.36 contains the spectra of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite 

annealed for 5 minute increments from an as-deposited state up to 800 °C [20].  For 

temperatures up to 650 °C there is no significant change in the absorption properties of 

the film.  Above 650 °C the absorption decreases, consistent with less CdTe in the optical 

beam path.  By 800 °C the spectra is similar to that of single-phase ZnO, akin to the 

Raman analysis, and the film is highly transparent. 
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Figure 4.36 Absorbance spectra of a 1.5 nm – 15 nm CdTe – ZnO nanocomposite 
film for an isochronal annealing treatment.  A) as-deposited to 550 °C and B) 650 °C to 
800 °C. 

A 0.5 nm – 5 nm CdTe – ZnO nanocomposite film was also subjected to 

isochronal annealing.  The absorption characteristics for this phase assembly start to 

decrease at temperatures above 400 °C and by 750 °C the film is highly transparent 

(Figure 4.37).  The temperatures at which the CdTe resonances disappear in the Raman 

signature (Figure 4.14) correspond well with the loss of absorption from the CdTe phase. 
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Figure 4.37 Absorbance spectra of a 0.5 nm – 5 nm CdTe – ZnO nanocomposite 
annealed for 5 minutes from an as-deposited state to 750 °C. 

Figure 4.38 contains absorbance spectra of a 0.5 nm – 1 nm CdTe – ZnO 

nanocomposite annealed for 5 minutes from an as-deposited state to 650 °C and is 

representative of the behavior of a 1.5 nm – 2 nm CdTe – ZnO nanocomposite under 

isochronal annealing conditions (not shown).  The absorption begins to decrease above 

350 °C and by 650 °C the film is highly transparent.  Again, this is consistent with the 

changes in Raman signature upon annealing (Figure 4.15). 
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Figure 4.38 Changes in absorbance for a 0.5 nm – 1 nm CdTe – ZnO 
nanocomposite isochronally annealed from an as-deposited state to 650 °C. 

The absorbance spectra of the nanocomposite thin films are consistent with the 

presence of quantum confinement effects, showing a blue shift in absorption onset as the 

CdTe phase connectivity decreases.  Additionally, films with the same volume fraction of 

CdTe, but different phase assemblies, exhibit different absorption properties in 

accordance with changes in the confinement volume of the CdTe phase.  Anneal 

temperatures less than 400 °C are insufficient to modify the absorption properties as 

verified through comparison of the absorption coefficient for as-deposited films (Figure 

4.32 and Figure 4.33) and those annealed at 400 °C (not shown).  Upon high temperature 
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annealing, the absorbance of the nanocomposites decreases, consistent with a decrease in 

the CdTe phase volume percent, as seen in the vibrational spectra and XPS studies. 

4.2.2 HALL EFFECT 

The electronic properties of CdTe – AZO nanocomposites were used to analyze 

the charge carrier transport in the matrix material of the films.  Due to the orientation of 

the magnetic and electric fields the properties measured are along the deposition plane.  

All the films measured had an electron carrier concentration on the order of 1019 cm-3.  

The theoretical carrier density, if each aluminum atom contributes to one carrier, is 1021 

cm-3, suggesting a large number of trapped charges, even in the single-phase AZO film.  

Oxygen vacancies form deep traps in ZnO and with sputtered ZnO typically being 

oxygen deficient, even more so when doped with aluminum, are probably the main 

source of trap centers for the films, causing the low carrier concentrations observed 

[91,150].  The mobility values for the 0.5 nm CdTe – AZO nanocomposites are plotted in 

Figure 4.39.  The mobility decreases with increasing CdTe volume percent until the 0.5 

nm – 1 nm CdTe – AZO phase assembly, where no accurate measurements could be 

achieved.  The 1.5 nm CdTe – AZO nanocomposites mobility values were unreliable for 

the 2 nm and 5 nm AZO layer thicknesses, but the 10 nm and 15 nm nanocomposites had 

mobility values approaching that of the single-phase AZO film.  The phase assemblies 

with the highest CdTe volume percent did not give reliable measurements most likely due 

to a low carrier concentration (limited by instrument sensitivity), which was also verified 



141 
 

optically (Appendix F).  The low carrier density could arise from either the low volume 

fraction of AZO, or an abundance of defects acting as trap sites, consistent with the XRD 

data and TEM micrographs which indicate a low level of crystallinity in those 

nanocomposites, due to the large number of grain boundaries (Sections 4.1.1 and 4.1.4). 
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Figure 4.39 Electron mobility values for the 0.5 nm CdTe – AZO series 
nanocomposites with a single-phase AZO film for comparison.   

Figure 4.40 contains the resistivity of the 0.5 nm CdTe – AZO films, which 

follows the same trend as the mobility and increases with CdTe volume percent.  Again, 

the 0.5 nm – 1 nm CdTe – AZO phase assembly did not give consistent results.  The 

scaling of electrical properties with the CdTe volume fraction is expected as it is assumed 
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the thermal carriers from the aluminum doping stay in the matrix material and are 

scattered by the CdTe phase.  Also, as might be expected based on the mobility values, 

the 10 nm and 15 nm AZO layer thicknesses for the 1.5 nm CdTe – AZO nanocomposites 

have resistivity values similar to that of single-phase AZO. 
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Figure 4.40 Resistivity values for the 0.5 nm CdTe – AZO nanocomposites along 
with a single-phase AZO film for comparison.   

Due to the reduction in matrix grain size with an increase in CdTe volume percent 

(based on XRD results in Figure 4.4) the main scattering mechanism could be either grain 

boundaries in the AZO phase or the CdTe-AZO interface (proportional to the CdTe 

volume fraction), as the mobility scales with both criteria.  Yet, when the mobility values 
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for both the 0.5 nm and 1.5 nm CdTe – AZO films are plotted the deposited matrix layer 

thickness appears to be the determining factor (Figure 4.41).  Both the 1.5 nm – 15 nm 

and 0.5 nm – 5 nm CdTe – AZO nanocomposites contain the same volume percent CdTe, 

yet the 1.5 nm – 15 nm CdTe – AZO nanocomposite has a thicker AZO layer, or a larger 

mean-free path, between CdTe-AZO interfaces in the deposition plane. 
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Figure 4.41 Mobility values as a function of deposited matrix layer thickness for 
the 0.5 nm and 1.5 nm CdTe – AZO films with a single-phase AZO film for comparison. 

The temperature dependence of carrier concentration for all the measured 

nanocomposites was found to be invariant (not shown).  This implies the nanocomposites 

are in the exhaustion region, with only a weak temperature dependence, as all the dopants 
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are already thermalized.  The mobility of the nanocomposites as a function of 

temperature is shown in Figure 4.42, which shows a slight overall increase (by 

approximately 0.6 cm2V-1s-1 for all phase assemblies) between 80 K and 350 K.  The 

resistivity dependence on temperature is in  

Figure 4.43, showing a steady decrease as temperature increases.  This trend is 

partially due to the small increase in mobility, although the same trend is expected based 

on effects of a built-in field at the grain boundaries as suggested by the EFI Raman 

analysis (Section 4.1.2).  As the temperature increases the carriers gain sufficient energy 

to overcome the potential barrier from the trapped carriers at the grain boundaries, this 

allows for an increase in conductivity without a significant increase in carrier 

concentration [151]. 
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Figure 4.42 Temperature dependence of the electron mobility values for single-
phase AZO and the 0.5 nm CdTe – AZO nanocomposites. 
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Figure 4.43 Temperature dependence of the resistivity for AZO and the 0.5 nm 
CdTe – AZO nanocomposites. 

The increase in conductivity and mobility with temperature along with the 

constant carrier concentration implies the electrical conductivity to be limited by point 

defect scattering.  Anneals were then performed at 400 °C for 10 min as a means to 

decrease the defect concentration.  Yet, after the annealing step, the mobility decreased 

with no significant change in carrier concentration (not shown) and despite an increase in 

matrix grain size (as inferred from CdTe – ZnO nanocomposites XRD diffractograms).  

The general temperature dependence of carrier concentration, mobility and resistance 

were maintained from the as-deposited state (not shown).  This suggests that the AZO 
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grain boundaries are not the main scattering mechanism for the AZO single-phase film or 

the nanocomposites.  Nanocomposites subjected to isochronal annealing all showed a 

decrease in carrier concentration and mobility at higher annealing temperatures and an 

increase in resistance (not shown). 

The thermal carriers in the TCO matrix are highly influenced by the presence of 

the CdTe layers.  For the 0.5 nm CdTe –AZO nanocomposites a general reduction in 

carrier mobility, compared to a single-phase film, is seen for all the nanocomposites, even 

for low CdTe volume percent phase assemblies.  Once the matrix layer thickness reaches 

10 nm or greater the influence of the CdTe – AZO interface decreases and films exhibit 

mobility properties approaching that of single-phase films.  The electron carrier 

concentration was independent of CdTe volume percent for all the nanocomposites 

studied and did not improve upon annealing.   

4.2.3 PHOTOCONDUCTIVITY 

Photoconductivity measurements allow the optoelectronic properties of the 

different phases to be isolated depending on the excitation wavelength for the formation 

of photocarriers.  The effects of phase assembly on the connectivity of the given phase 

with the accompanying charge transport properties of the photocarriers can be probed in 

the film normal.   Figure 4.44 contains the spectrally resolved photoconductivity 

measurement of a single-phase ZnO thin film.  The onset of the photoconductivity 

corresponds well to the absorption onset for ZnO at approximately 400 nm.  The sharp 
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decrease in photoconductivity at wavelengths below 365 nm is due to a drop in power 

from the lamp.   
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Figure 4.44 Photoconductivity values of a single-phase ZnO thin film. 

The photoconductivity values for the 0.5 nm CdTe – ZnO nanocomposite films 

are in Figure 4.45 [152].  The photo-induced current response extends out past 400 nm to 

longer wavelengths.  Nanocomposites with a higher CdTe phase volume percent, namely 

those with 1 nm and 2 nm ZnO layer thicknesses, exhibit a broad photoconductivity 

response centered at 625 nm, in addition to the response associated with ZnO.  

Meanwhile, films with thicker ZnO layers have a reduced photoresponse around 625 nm 

in comparison.  The 1.5 nm CdTe – ZnO series nanocomposites (Figure 4.46) have a 
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similar trend with the thinner ZnO layers (2 nm and 5 nm) having a more extended 

photoresponse out to longer wavelengths compared to those films with thicker ZnO 

layers (10 nm and 15 nm). 
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Figure 4.45 Photoconductivity responses of the 0.5 nm CdTe – ZnO 
nanocomposite thin films. 
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Figure 4.46 Photoconductivity responses of the 1.5 nm CdTe – ZnO 
nanocomposite thin films. 

The photoresponses for all the nanocomposites have high amounts of noise, which 

is generally attributed to a large amount of trapped charge carriers and the buildup of 

space charges [153].  The Hall Effect data indicates a high amount of trapped charges 

based on the theoretical and measured carrier concentrations and the EFI enhanced 

resonances in the Raman signatures suggest a buildup of space charges.   

The changes in photoresponse at longer wavelengths correspond to changes in the 

absorption onset for the nanocomposite films and are consistent with a more connected 

CdTe phase.  Yet, whether the changes in photoconductivity are due to changes in 
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absorption strength or charge carrier pathway cannot be ascertained, as both are expected 

to contribute to the observed photoresponse.  In order to isolate the effects of absorption 

and charge transport path the photoresponse of two films with similar absorbance 

properties were compared (Figure 4.47).  Both the 0.5 nm – 2 nm and 1.5 nm – 15 nm 

CdTe –ZnO nanocomposites have similar absorption onsets, despite a large difference in 

phase assembly, as the 0.5 nm – 2 nm CdTe – ZnO nanocomposite is expected to have a 

more connected CdTe phase.  The photoconductivity of the two films both have a peak 

associated with ZnO and extend out to longer wavelengths, yet the 0.5 nm – 2 nm CdTe – 

ZnO nanocomposite has an enhanced photocurrent response around 625 nm.  Assuming 

both films have comparable quantum efficiency values for carrier generation, the 

difference in photoresponse can be attributed to a better carrier pathway for the 0.5 nm – 

2 nm CdTe – ZnO nanocomposite with the more highly connected CdTe phase [152].   



152 
 

400 600 800 1000
0

1

2

3

         CdTe-ZnO    0.5nm-2nm    1.5nm-15nm
A

bs
or

ba
nc

e

Wavelength (nm)

A)

400 600 800 1000

0

2

4

6

8

P
ho

to
cu

rr
en

t (
a.

u.
)

Wavelength (nm)

B)

 

Figure 4.47 A) Absorbance and B) photocurrent values for 0.5 nm – 2 nm and 1.5 
nm – 15 nm CdTe – ZnO nanocomposite thin films. 

4.3 DEVICE PERFORMANCE 

4.3.1 CIGS BASED DEVICES 

Two device structures were tested in order to probe effects of the nanocomposite 

on the junction properties and the spectral response.  Figure 4.48 contains representative 

I-V responses for devices based on a CIGS p-type absorber layer, with the figures of 

merit summarized in Table 4.9 [154].  A CIGS – ZnO device was tested as a standard for 

comparison along with two different nanocomposites with the same volume percent 
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CdTe.  Both devices based with the nanocomposite n-type layer have similar Voc values 

to the ZnO based device.  The invariance of the Voc values suggests that the junction 

properties are determined by the ZnO matrix, as implied by the electrical measurements.   

The Jsc did not show a significant improvement for the 1.5 nm – 15 nm CdTe – 

ZnO device compared to the ZnO device due to the ZnO layer thickness precluding the 

effect of the CdTe layers.  In contrast, the 0.5 nm – 5 nm CdTe – ZnO device shows an 

increase by an order of magnitude in the Jsc value due to carriers from the CdTe layers 

reaching the junction.   The series resistance is comparable to the shunt resistance for all 

the devices studied.  This highlights the lack of optimization of the device junction and is 

the probable cause for the low Voc values.  The ITO top contact may be a large 

contributor to the high series resistance as the devices were tested in an as-deposited state 

and an additional annealing step may be needed to improve the resistance between the 

ZnO and ITO [122,123].  The similarities between the parasitic resistance values for the 

ZnO and 1.5 nm – 15 nm CdTe – ZnO devices again suggests that the junction is 

determined largely by the properties of the ZnO close to the junction and is not affected 

by the composition of the film far from the depletion region.  The 0.5 nm – 5 nm CdTe – 

ZnO device had a decrease in the magnitude of parasitic resistance values, yet the 

similarities between the series and shunt resistances were maintained. 
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Figure 4.48 I-V responses of ZnO and nanocomposite based CIGS devices *note 
the ordinate units are not current density and that the graph is not centered at the origin 
[154]. 

Table 4.9 Summary of the figures of merit for the CIGS based devices. 

 

Figure 4.49 is the accompanying spectral response of the CIGS based devices 

[154].  The ZnO device has an enhanced response around 400 nm in accordance with its 
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band gap.  The 0.5 nm – 5 nm CdTe – ZnO nanocomposite device has an enhanced 

response extending out to longer wavelengths in agreement with the absorption properties 

and increased Jsc.  The 1.5 nm – 15 nm CdTe – ZnO nanocomposite response begins to 

drop off at wavelengths less than 400 nm and has diminished response from the ZnO 

phase.  This decrease in charge extraction is consistent with a lower quality ZnO phase 

next to the CIGS junction, as seen in the AFM images of early film growth on Si (Figure 

4.27) and in accordance with photoconductivity, which demonstrated decreased charge 

extraction for the absorption region associated with ZnO (Figure 4.46).   
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Figure 4.49 Spectral responses of ZnO and CdTe – ZnO nanocomposite devices 
based on CIGS [154]. 
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4.3.2 P3HT BASED DEVICES 

Due to the CIGS absorber layer having an absorption onset around 1000 nm it is 

not possible to explicitly distinguish the contribution of the nanocomposite to the spectral 

response in the CIGS devices.  An organic absorber layer, P3HT, was used as a p-type 

layer to complete the heterojunction with the n-type nanocomposite in order to form a 

device in which the spectral response of the different materials could be isolated (Figure 

4.50).  The ZnO absorbs at wavelengths less than 400 nm and the P3HT absorbs over a 

small region between 450 nm and 600 nm, leaving absorption between 400 nm and 450 

nm and wavelengths longer than 600 nm unique to the CdTe phase.   
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Figure 4.50 Absorption coefficients for single-phase P3HT, ZnO and CdTe 
demonstrating the unique absorption regimes for each material.   

The absorbance values for the completed devices, less the silver top contact, are 

in Figure 4.51 [155].  The increase absorption for the nanocomposite devices in the 

region between 400 nm and 450 nm is due to the presence of the CdTe, as well as the 

increase from 450 nm to 650 nm, where the absorbance overlaps that of the P3HT.  There 

is low absorption beyond 650 nm due to the thin layer of nanocomposite used, about 100 

nm.  Figure 4.52 contains the accompanying EQE measurements for the devices [155].  

The spectral response for the nanocomposite devices is enhanced between 400 nm and 

650 nm, in accordance with the increase in absorption.  The EQE is slightly reduced at 
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wavelengths less than 400 nm in comparison to the ZnO devices due to the CdTe 

disrupting the ZnO phase, inhibiting charge extraction. 
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Figure 4.51 Absorbance values for ZnO- and nanocomposite-P3HT devices. 
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Figure 4.52 EQE spectral response of ZnO- and nanocomposite-P3HT devices. 
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5. DISCUSSION 

5.1 STRUCTURAL VERIFICATION 

The control of the spatial distribution of the CdTe in the ZnO matrix was achieved 

through the manipulation of the absolute and relative exposure times to the respective 

sputtering sources.  The overall film structures are consistent with the deposition 

schedules used, resulting in alternating layers of CdTe and ZnO, as seen in the cross-

sectional TEM images (Figure 4.20).  Shorter exposure times lead to a more 

discontinuous layer, due to the island growth of the material, whereas longer exposure 

times lead to a continuous layer.  Phase assemblies with an exposure time associated with 

a 0.5 nm CdTe layer thickness have an increased potential for interlayer ZnO 

connectivity in the open spaces between CdTe domains.  These films are characterized by 

large columnar grains that extend the thickness of the film with isolated CdTe domains, 

on the order of a few nanometers.  Conversely, phase assemblies with 1.5 nm CdTe layer 

thicknesses exhibited a well-defined layered structure of alternating phases.  Increasing 

the CdTe volume percent, in both series, is accompanied by a decrease in ZnO grain size, 

as calculated from the FWMH values of the reflections in the XRD diffractograms, and 

associated with interrupted ZnO growth.  Comparison between the FWMH values in the 

0.5 nm and 1.5 nm CdTe – ZnO films showed the thicker CdTe layer to severely disrupt 

the ZnO growth, even at low CdTe volume percent (Figure 4.4 and Figure 4.5).   
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Both the XRD and Raman analyses confirm both phases to be crystalline even in 

an as-deposited condition and are supported by the SAD patterns of the TEM images 

which indicate the films are polycrystalline.  Upon annealing the crystallinity of both 

phases is improved for lower temperature ranges.  As the annealing temperature is 

increased, the stability of the CdTe phase decreases.  This is seen by the formation of 

oxide phases in the XRD and Raman data (Figure 4.6 – Figure 4.9).  The Raman data 

further shows the thermal decomposition of the CdTe phase as indicated by the 

emergence of resonances associated with Te metal (Figure 4.13).  Changes in electron 

binding energy as seen in XPS analysis are interpreted as the formation of a CdTe oxide 

phase, accompanied by a general reduction in signal, suggests the loss of CdTe as a 

distinct phase from the composite (Figure 4.17 and Figure 4.18).  Limited diffusion of the 

individual CdTe elements into the ZnO matrix is a possibility as cadmium has a solubility 

limit of approximately 2 at% and the limit for tellurium is estimated to be 0.9 at% 

[156,157]. 

Interaction between CdTe domains is of great interest in terms of quantum 

confinement effects.  Domains need to be within a few nanometers of each other in order 

for the potential wavefunctions to interact and form extended carrier states (Section 2.3).  

The CdTe phase is considered highly connected when the spatial distribution allows for 

interaction between separate domains, thus increasing the carrier confinement volume.  In 

the CdTe – ZnO nanocomposites phase connectivity can be considered in two directions: 

along the deposition plane and through the plane normal.   



162 
 

CdTe phase connectivity along the deposition plane is controlled by the substrate 

exposure time to the CdTe source.  For the 0.5 nm CdTe – ZnO films the CdTe forms 

islands and not a continuous layer.  As the ZnO phase grows through the gaps between 

the islands the separation distance increases to at least the width of the ZnO grain, 

approximately 20 nm, thus precluding wavefunction interactions along the deposition 

plane.  In the 1.5 nm CdTe – ZnO nanocomposites the CdTe forms a nearly-continuous 

layer, with little indication of ZnO grain growth through the layer.  This provides for a 

high degree of CdTe phase connectivity along the deposition plane as the domains are 

expected to be in physical contact with each other.   

Phase connectivity in the plane normal is controlled by the deposited ZnO layer 

thickness.  High CdTe volume percent phase assemblies, specifically those with 1 nm and 

2 nm ZnO layer thicknesses, are expected to be highly connected through the plane 

normal as the domains are only separated by 2 nm or less.  The 0.5 nm CdTe – ZnO 

phase assemblies with a ZnO layer thickness of 5 nm or greater, conversely, are not 

expected to have a highly connected CdTe phase through the plane normal.  While the 

ZnO surface roughness may allow some CdTe domains to be within a few nanometers of 

the adjacent CdTe layer deposition plane, the scattered nature of the island growth limits 

the potential for interaction.   The 1.5 nm – 5 nm CdTe – ZnO phase assembly has an 

increased potential for phase connectivity in the plane normal due both to the ZnO 

surface roughness and the more continuous nature of the CdTe layer, making the distance 

between adjacent CdTe domains less than the 5 nm ZnO thickness.  Nanocomposites with 
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ZnO layer thicknesses of 10 nm or 15 nm have little to no CdTe phase connectivity 

through the plane normal as the ZnO surface roughness is small compared to the layer 

thickness.   

5.2 QUANTUM CONFINEMENT EFFECTS 

In all of the nanocomposite films studied, the absorption onset, associated with 

CdTe, is blue shifted compared to a single-phase (i.e. more bulk like) CdTe film.  This 

shift to higher energies is interpreted in terms of photocarrier confinement within the 

CdTe phase.  Quantum confinement conditions are assumed to exist due to the presence 

of interfacial structure/chemistry sufficient to provide a barrier to electron and hole 

motion.  The barrier can be attributed to the presence of disorder-related interface states 

between phases as well as the CdTe oxide phase.  The formation of the oxide phase is 

assumed to occur at the surface of the CdTe domains and have the general composition of 

CdTeO3.  According to the electronic band structure of the bulk oxide, it can provide for 

both an electron and hole barrier and, in addition due to the large band gap, it would not 

contribute to the absorption characteristics of the nanocomposite in the range studied 

(Figure 2.21).   

The spatial distribution of the CdTe phase can be correlated with the absorption 

energy onset for the nanocomposites.  Comparison of a 1.5 nm – 2 nm CdTe – ZnO 

nanocomposite film and a single-phase CdTe (bulk-like) film with nominally the same 

CdTe content show a blue shift attributed to the more discontinuous CdTe phase 
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assembly in the nanocomposite and a reduced carrier confinement volume (Figure 4.34).  

Although the 1.5 nm – 2 nm CdTe – ZnO phase assembly is expected to have a high 

degree of CdTe phase connectivity both along and through the deposition plane, quantum 

confinement effects are still present.  Manipulation of the CdTe layer thickness (from a 

continuous layer to separated islands) also produces changes in the effective confinement 

volume and shifts the absorption onset, while holding the CdTe volume percent constant 

as demonstrated in Figure 4.35.  The 1.5 nm – 15 nm CdTe – ZnO phase assembly is 

considered to have a more continuous CdTe phase along the deposition plane and is 

therefore red shifted compared to the 0.5 nm – 5 nm CdTe – ZnO nanocomposite which 

has more isolated CdTe islands.  In both cases the volume fraction of CdTe is constant 

between films, with the modification of the absorption onset energy controlled by the 

CdTe phase assembly only.  In general an increase in the lowest optical transition energy 

accompanies the more disconnected CdTe phase assembly (i.e. more highly confined) 

where an average separation greater than 5 nm is considered disconnected and distances 

less than 5 nm is highly connected.   

Increasing the ZnO layer thickness, while holding the CdTe layer thickness 

constant, effectively decreases the CdTe phase connectivity in the film growth direction, 

causing a blue shift in the onset energy of the absorption coefficient (Figure 4.32 and 

Figure 4.33).  The potential for interaction in adjacent CdTe layers increases in the 

thinner ZnO layers from physical connection, wavefunction overlap and quantum 

tunneling.  As the ZnO layer thickness increases these interactions decrease, which 



165 
 

reduces the confinement volume and increases the corresponding lowest optical transition 

energy.  A saturation effect is observed in the energy shift due to the isolation of adjacent 

CdTe layers.  The nanocomposites then transition from an ensemble type behavior with 

interactions between CdTe domains, to a behavior more consistent with individual 

domains when the ZnO layer thickness is sufficient to physically and electronically 

isolate them.  

Lower temperature anneals produced no change in absorption onset energy for the 

nanocomposites studied.  While enhancement of the phase crystallinity is observed for 

temperatures less than 400 °C there is no discernible accompanying change in phase 

connectivity to produce a change in the ensemble absorption effects.  As the anneal 

temperature increases there is an accompanying decrease in absorption strength of the 

nanocomposites.  This is in accordance with the Raman and XPS analyses which indicate 

a loss of the CdTe phase.  A decrease in the amount of CdTe volume percent, due to 

oxidation or decomposition, could also potentially reduce the carrier confinement volume 

and cause subsequent blue shifts in the absorption onset energy, yet these effects are not 

observed.  This would suggest the reactions are kinetically driven starting from the 

surface of the film.  The first layers of CdTe are oxidized/disassociated thus reducing the 

volume percent of CdTe without affecting the connectivity of the inner layers.  

Eventually, the inner layers also undergo chemical modification and the absorbance 

quickly drops to that of just single-phase ZnO. 
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5.3 CARRIER TRANSPORT  

By doping the ZnO matrix with aluminum it is the originator of the majority of 

the thermal carriers in the composite film.  This allowed the electrical properties of the 

matrix to be probed independently of the CdTe nanophase, which in its intrinsic state 

should have few thermal carriers.  Due to the similarities between the electron affinities 

of the matrix and CdTe phase the electrons in theory could be transported through either 

phase.   Disorder between the CdTe phase and the TCO matrix due to the presence of 

defects and the additional CdTe oxide phase are expected to act as barriers to carrier 

transport causing the electrons to stay in the AZO phase.  Due to the direction of the 

applied field being along the deposition plane, the carries can be thought of as traveling 

through the matrix sandwiched between adjacent CdTe layers.   

The main scattering event that limits mobility of the thin films is point defects for 

both the nanocomposites and single-phase AZO film.  Based on the theoretical doping 

concentration and isotropic distribution there is an ionized Al defect approximately every 

1 nm.  Whereas the grain size is greater than 1 nm for all the nanocomposites studied the 

ionized defects are assumed to be the dominate defect.  Yet, some phase assemblies have 

CdTe – AZO interfaces at the same length scale as the point defect concentration.  These 

interfaces are assumed to be secondary scattering defects which limit carrier mobility for 

phase assemblies with 1 and 2 nm matrix layer thicknesses.  As the matrix layer increases 

the influence of the CdTe – AZO interfaces on the mean free path decreases.  Once the 

distance between adjacent CdTe layers reaches the same width as the matrix grain size 
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the interfaces no longer contribute significantly to carrier scattering and the mobility 

characteristics are essentially the same as a single-phase AZO film.    

The CdTe nanophase then disrupts the carrier transport pathways causing a 

decrease in the mean free path.  Longer distances between adjacent CdTe domains 

therefore increase the mean free path of the carriers and increase the mobility.  This 

concept is demonstrated in Figure 4.42, where two of the nanocomposites have the same 

CdTe volume percent, yet different spatial distribution of the CdTe and result in different 

mobility values along the applied field (i.e. along the deposition plane).  Both have 

similar carrier concentrations and therefore similar ionized defects concentrations.  The 

increase in mobility of the 1.5 nm – 15 nm CdTe – AZO film compared to the 0.5 nm – 5 

nm CdTe – AZO film is due to the thicker matrix layer, as XRD and TEM both show the 

grain size of the 1.5 nm – 15 nm CdTe – ZnO nanocomposite to be smaller than that of 

the 0.5 nm – 5 nm CdTe – ZnO sample.  Additionally, the 1.5 nm – 15 nm CdTe – AZO 

phase assembly has a matrix layer thickness on the same order of magnitude as the AZO 

grain width (approximately 20 nm) and has similar mobility properties to that of the 

single-phase AZO film.  The matrix properties therefore determine the carrier 

concentration and main scattering mechanism, while the spatial distribution of the CdTe 

phase creates the mobility pathway boundaries along the deposition plane of the 

nanocomposite.   

Annealing at 400 °C was insufficient to modify the absorption ensemble effects as 

seen in Figure 4.36 which shows no change between the as-deposited absorbance and 
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after the annealing step.  Yet, changes in the electronic properties are observed.  An 

increase in resistance and a decrease in mobility values were observed for all the films 

studied without an observable change in carrier concentration.  While changes in the 

CdTe phase assembly might be expected to decrease mobility, TEM micrographs do not 

indicate any significant structural modification, which is consistent with the absorption 

measurements.  Both XRD and Raman analyses of annealed nanocomposites confirm an 

increase in matrix crystallinity, along with grain size and a decrease in the influence of 

trapped charges, as indicated by a reduction in EFI effects.  Whereas the single-phase 

AZO film experiences a similar decrease in mobility as the nanocomposite films the 

influence of the CdTe nanophase cannot be solely responsible for the change in mobility.  

The decrease in mobility with annealing treatment could be due to the conduction method 

of the matrix relying upon charge transport through defect sites, similar to polaron 

hopping.  As defects are annealed out of the films the charge transport pathway is 

interrupted causing a decrease in mobility.  While the impact of the CdTe domains cannot 

be distinguished from that of the matrix in this study, it does further support that the 

electrical properties are dominated by the TCO matrix. 

Photoconductivity measurements allow the transport characteristics, normal to the 

plane, to be probed.  Depending on the excitation wavelength the photo-generated 

carriers created in the CdTe phase can be isolated from those generated in the matrix.  

More highly connected phases through the thickness of the film provide a higher mobility 

transport pathway and improved photoconductivity, assuming comparable quantum 



169 
 

efficiency values, in either the ZnO or CdTe.  Nanocomposites with thinner ZnO layer 

thicknesses allow for more connectivity of the CdTe phase, which improves photocarrier 

transport and enhances the photoconductivity for longer wavelengths.  The difference in 

the photo-active region of the nanocomposites is due to changes in the phase assembly, 

not only absorbance, as seen in Figure 4.47, which compares the photoconductivity of 

two nanocomposites with similar absorption responses. 

As seen in the TEM images the 0.5 nm CdTe layer phase assemblies have ZnO 

grains that extend the entire thickness of the film.  This provides for a higher mobility 

pathway for photo-generated carriers in the matrix material.  The photoconductivity 

region associated with the ZnO phase is greater in the 0.5 nm CdTe – ZnO films in 

comparison to the 1.5 nm CdTe – ZnO films, which are characterized by a more 

disrupted ZnO phase with smaller grains.  Similarly, as the ZnO layer thickness decreases 

in the different phase assemblies studied the CdTe phase becomes more connected 

through the plane normal and there is an increase in photocurrent at longer wavelengths. 

The 5 nm thick matrix layer is on the threshold between a ‘connected’ and 

‘disconnected’ CdTe phase assembly.  There is potential for adjacent CdTe domains to 

interact due to the ZnO surface roughness, yet the interaction is less in comparison to 

phase assemblies with matrix layers of 1 nm and 2 nm.  The absorption coefficient for the 

1.5 nm – 5 nm CdTe – ZnO nanocomposite is similar to that of the nanocomposites with 

10 nm and 15 nm ZnO layer thicknesses (Figure 4.33).  This suggests that these films 

have little interaction between adjacent CdTe layers and absorb more like isolated layers.  
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In other words the adjacent CdTe layers are ‘disconnected’ with a ZnO layer thickness of 

5 nm between them.  Yet, the photoconductivity of the 1.5 nm – 5 nm CdTe – ZnO 

nanocomposite shows an enhancement at longer wavelengths similar to that of the more 

highly connected 1.5 nm – 2 nm CdTe – ZnO nanocomposite, in contrast to the 10 nm 

and 15 nm phase assemblies (Figure 4.46).  In terms of carrier transport the adjacent 

CdTe layers are ‘connected’ with the same 5 nm ZnO layer thickness.  The overall phase 

assembly is the same for both samples with the same potential for CdTe domain 

interaction in the plane normal.  Yet, the photoconductivity measurement is performed 

under an applied voltage, which should increase carrier drift and allow adjacent CdTe 

domains to interact more.  This makes the degree of connectivity for charge transport 

greater than the ensemble absorption properties for the 1.5 nm – 5 nm CdTe – ZnO 

nanocomposite.  Such situations become important when considering the end application 

of the nanocomposite.  As an n-type heterojunction element the nanocomposite will be 

partly immersed in the built-in field at the junction, thus increasing drift transport and 

subsequently increasing the effects of CdTe ensemble behavior. 

5.4 ELECTRIC FIELD INDUCED (EFI) EFFECTS 

Electric field induced effects originate from defects sites at the ZnO grain 

boundaries, or between the CdTe and ZnO phases.  Oxygen vacancies are assumed to be 

the main source of point defects in the ZnO and the presence of the CdTe is assumed to 

introduce area defects into the matrix.  The interface states act as trap sites for charge 
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carriers from the bulk of the ZnO grain.  A potential barrier develops from the presence 

of the trapped carriers causing a depletion layer to form near the defect-rich interfaces.  

At low carrier concentrations the depletion layer can extend through the bulk of the 

crystallite while for high carrier densities it is limited to near the grain boundary. 

The influence of such built-in electric fields can cause modifications to optical 

phonon resonances as observed with Raman spectroscopy.  The electric field can break 

the translation symmetry of bonds allowing for resonances that would normally be 

Raman-inactive.  Additionally, the electric field can polarize excited states of active 

optical phonons resulting in an enhancement of the Raman scattering.  Both effects are 

observed in the Raman analyses of the nanocomposite thin films, with the occurrence of 

the Raman-forbidden B1 mode at 275 cm-1 and the enhancement of the active LO mode at 

570 cm-1 (Figure 4.11).  These resonances are most pronounced in the nanocomposite 

films, as opposed to the single-phase films, as the inclusion of CdTe creates more defect-

rich interfacial area.  The ZnO LO peak intensity is found to be angle independent in the 

c-plane of wurtzite ZnO; therefore changes in crystal orientation and excitation 

polarization are not adequate to explain the enhancement [158].  Upon annealing the 

relative height of the ZnO LO resonance decreases as defects are annealed out and at high 

temperatures the CdTe interfacial area decreases, seen as a decrease in the resonance 

associated with CdTe, and the EFI scattering diminishes (Figure 4.13).   

The electronic properties of the nanocomposites also imply the presence of a 

built-in field.  The large difference between the bulk doping level and measured carrier 
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concentration in the CdTe – AZO nanocomposites suggests that there is a high density of 

carrier trap sites.  The trapped carriers form a potential barrier, which as the temperature 

increases the free carriers are able to overcome and the conductivity increases despite a 

constant carrier density.  The carrier concentration for the nanocomposites decreases 

upon high temperature annealing, which should cause a concomitant decrease in the 

observed EFI effects.  No temperature dependent measurements were performed on the 

annealed CdTe – AZO nanocomposites above 400 °C, yet the Raman signatures are 

consistent showing less EFI influence at higher anneal temperatures. 

5.5 PHASE CONNECTIVITY EFFECTS 

Phase connectivity is what allows for absorption and carrier transport to be tuned 

and balanced in the nanocomposite film structures.  Of particular interest is the phase 

connectivity through the thickness of the film (i.e. normal to the deposition plane), as this 

is the main direction for carrier motion in thin film PV devices.  For a broad absorption 

response (i.e. high degree of CdTe phase connectivity) the CdTe domain separation needs 

to be within 5 nm, in the plane and/or normal to it, for ensemble absorption effects to be 

observed.  This would also allow a transport pathway for photocarriers within the CdTe 

phase.   

Yet, the CdTe domains act as scattering centers for carriers in the ZnO phase.  For 

intrinsic ZnO the grain boundaries are expected to limit carrier mobility, which occur 

approximately every 15 nm to 20 nm along the deposition plane.  With the introduction 



173 
 

of CdTe domains every 5 nm into the ZnO phase, the CdTe – ZnO interface would limit 

the carrier motion.  This can be minimized by optimizing the ZnO carrier transport 

pathway along the plane normal (i.e. the direction of interest).  Phase assemblies that 

allow for columnar ZnO grains which extend through the film thickness provide a high 

mobility carrier transport pathway normal to the deposition plane.  In order to achieve 

columnar ZnO grains the CdTe layer cannot be continuous, as this inhibits the ZnO 

growth.   

Of the phase assemblies studied, the 0.5 nm – 1 nm and 0.5 nm – 2 nm CdTe – 

ZnO nanocomposites match these criteria the best.  Both have columnar ZnO grains and a 

broad spectral absorption and photoconductivity response.  Yet, the 0.5 nm – 2 nm CdTe 

– AZO phase assembly, and it is assumed the 0.5 nm – 1 nm CdTe – AZO phase 

assembly as well, has a low carrier mobility value for the ZnO phase.  With a spacing of 

2 nm or less between the CdTe domains along the plane normal the CdTe – AZO 

interface is the main scattering mechanism and leads to a high resistivity value.   

In order to increase the distance between the CdTe domains and maintain a high 

degree of connectivity a thicker CdTe layer is needed.  While a layer of 1.5 nm CdTe is 

too thick to allow ZnO grain penetration, the 0.5 nm CdTe layer in-plane domain 

separation is too high for a high degree of CdTe connectivity, making neither ideal.  A 

CdTe layer thickness that allows partial penetration of ZnO grains and maintains a high 

degree of in-plane domain connectivity would in theory allow for a broad absorption and 

photoconductivity response along with a high mobility transport pathway for carriers in 
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the ZnO phase.  A ZnO layer thickness of 5 nm would allow a high degree of 

connectivity for the CdTe phase in the film normal, thus facilitating photocarrier 

transport.  The CdTe – ZnO interfaces will still limit the carrier mobility in the ZnO 

phase, yet with partial penetration of the ZnO grains through the CdTe layers there may 

be some grains that extend the thickness of the film and provide high mobility pathways 

with few scattering centers. 

5.6 DEVICE INTEGRATION 

The device performance of the ZnO-CIGS device, while not optimized, provides a 

baseline for comparison of the nanocomposite-CIGS devices.  The consistency of the Voc 

values and similarities between the parasitic resistance values for the various device 

configurations studied suggests that the junction properties are determined by the ZnO 

layer closest to the junction.  Other work with this material system has indicated that the 

inclusion of the CdTe does not affect the Voc even when the CdTe layers are within a 

couple of nanometers from the junction [159]. 

The increase in Jsc for the 0.5 nm – 5 nm CdTe – ZnO nanocomposite device is 

interpreted as an increased opportunity for field-induced separation and extraction of 

photocarriers generated in the CdTe phase compared to devices with thicker ZnO layers.  

As the ZnO layer decreases the CdTe layers are positioned closer to the junction and the 

effects of the depletion region allowing more photo-generated carriers to be swept by the 

induced field and decreasing recombination losses.  This effect was seen for the 1.5 nm – 
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5 nm CdTe – ZnO nanocomposite when comparing the absorption and photoconductivity 

responses (Section 5.3) 

The spectral responses of the devices emphasize  the importance of the quality of 

the ZnO phase close to the junction.  The devices with large columnar ZnO grains, as 

seen in the TEM images, have an improved response in the ZnO absorption region, 

despite the 1.5 nm CdTe – ZnO device having a thicker ZnO layer in comparison to the 

0.5 nm CdTe – ZnO device.   The placement of the CdTe layer in relation to the junction 

appears to be the major criteria for an improved response at longer wavelengths in 

comparison to single-phase ZnO.  This suggests that only a small portion of the 

nanocomposite actually participates in the device properties as 15 nm is too far removed 

to produce a change in spectral response. 

The P3HT-based devices used a thinner ZnO layer thickness, and concomitantly 

and higher CdTe volume fraction, than the CIGS-based devices.  This ensured that the 

CdTe contributed extractable carriers to the device, and an enhancement of the spectral 

response is seen that can be attributed to only the CdTe phase. 
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6. CONCLUSIONS 

Quantum-scale structures have become more common in photovoltaic devices.  

The main aim of their introduction is to enhance absorption by covering a wider range of 

the solar spectrum.  Additionally, in some applications they can also improve charge 

separation and transport, specifically when used in conjunction with organics.  However 

these quantum-scale structures function, they are influenced by the surrounding matrix 

material and impact the structure and properties of the matrix material itself.  These are 

issues that still need further research in order to optimize device performance.   

The overarching goal of the present work was to gain greater understanding of 

how to develop and integrate quantum-scale structures into working photovoltaic 

junctions to reduce the two main causes of efficiency loss in PV, namely thermalization 

and transparency loss, without exorbitant increases in cost.  As a spectral sensitization 

layer in PV thin film devices, the use of such nanoscale semiconductor structures requires 

control of the chemistry and structure of the semiconductor phase and the embedding 

matrix.  The focus of this study was the control of the CdTe – ZnO nanocomposite 

structure phase assembly and associated optical, electronic and optoelectronic phenomena 

over multiple length scales.   

This work utilized dual-source, sequential RF-sputtering to produce CdTe – ZnO 

nanocomposite thin films.  Manipulation of the absolute and relative exposure times to 

each source material allowed for variation of the as-deposited CdTe phase distribution 
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and subsequent quantum confinement-induced optical absorption behavior.  This 

technique resulted in a complete semiconductor quantum dot-TCO composite using a 

single processing step.  Moreover, manipulation of the deposition schedule allowed for 

the local density of the CdTe phase domains to be varied from individual domains to a 

percolated network.  The absorption and electrical properties of the resultant 

nanocomposites were further analyzed in terms of their implementation into a PV device 

as a spectrally sensitized n-type heterojunction component. 

The different phase assemblies studied were pursued to examine a controlled 

variation in CdTe phase connectivity within the nanocomposite structure.  Thicker CdTe 

layers led to a more continuous phase along the deposition plane, while the ZnO 

thickness determines the extent of the connectivity normal to the plane.  Thinner ZnO 

layers increased the opportunity for interactions between adjacent CdTe layers.  As the 

ZnO layer thickness increased the adjacent CdTe layers became more isolated thus 

reducing the connectivity.  Absorption measurements showed a clear correlation between 

the absorption energy onset and the CdTe phase connectivity, as controlled via the 

deposition schedule.  This was attributed to changes in the carrier confinement volume 

and corresponding changes in the lowest optical transition energy of the CdTe phase 

consistent with quantum confinement effects.  Whereas the bulk electron affinity values 

are similar for CdTe and ZnO this energy offset was insufficient to act as a barrier and 

produce electron confinement.  Carrier confinement for the CdTe – ZnO material system 

arose due to disorder related interface states and changes in the chemical environment at 
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the interface of the two phases, specifically the formation of a CdTe oxide (CdTeO3).  

Analysis of the microstructure with XRD, XPS and Raman spectroscopy confirmed the 

presence of oxide formation which was enhanced upon annealing.    

Just as the ZnO phase contributed to the confinement conditions for the CdTe 

phase, the CdTe phase assembly also affected the matrix properties.  The thermal carrier 

transport pathways through the TCO matrix were highly influenced by the CdTe phase.  

Although the main scattering mechanism was ionized impurities from the aluminum 

dopant, the CdTe – AZO interfaces acted as a secondary scattering source and limited the 

carrier mobility through the AZO phase.  This resulted in the overall mobility being 

dictated by the deposited matrix layer thickness with the adjacent CdTe layers acting as 

the boundaries of the mobility pathway.   

The ensemble absorption properties are dependent upon the CdTe phase 

connectivity and the thermal carrier transport upon the ZnO connectivity.  Yet, effective 

photocarrier transport through the nanocomposite structure is dependent upon the 

connectivity of both individual phases for their respective photocarriers.  The extended 

phase assembly influenced the relative contribution of each transport pathway to the 

overall observed photoresponse.  Phase assemblies with columnar ZnO grains extending 

the thickness of the nanocomposite (i.e. 0.5 nm CdTe – ZnO films) had increased 

photocurrent associated with the ZnO phase absorption (≤ 400 nm).  Conversely, 

nanocomposites with truncated ZnO grain growth (i.e. 1.5 nm CdTe – ZnO films) had a 
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diminished ZnO associated photocurrent due to the increased carrier interaction with 

phase boundaries while traversing the nanoheterogenous medium.   

Phase assemblies which favored interaction between adjacent CdTe layers (i.e. 

thinner ZnO layers) had enhanced photocurrent at longer wavelengths as was consistent 

with nanocomposite absorption characteristics.  As the ZnO layer thickness increased the 

CdTe phase connectivity decreased with an accompanying decrease in the 

photoconductivity response at longer wavelengths.  Additionally, the impact of the CdTe 

spatial distribution, with its associated photocarrier transport pathway, and its 

contribution to the overall optoelectronic behavior was isolated from the absorption 

response. 

Controlling the spatial distribution of CdTe in the ZnO matrix decouples the 

absorption properties of the CdTe phase from the electrical properties of the ZnO phase.  

Yet, successfully tuning of the nanocomposite carrier transport properties requires control 

over the phase connectivity of both the CdTe and ZnO.  Ensemble absorption effects 

require adjacent CdTe domains to be within 5 nm for a high degree of connectivity, but 

the carrier transport is more sensitive and is disrupted by interfaces occurring more 

frequently than 15 nm.  This spatial disparity precludes fully optimizing both the 

absorption and electronic properties independently of each other, but still allows for a 

large design space of highly absorbing nanocomposites with high mobility transport 

pathways.      
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Through careful engineering of the phase assembly (i.e. CdTe and ZnO layer 

thicknesses), and the associated phase connectivity, the absorption properties can be 

tailored and allow for the control over the optoelectronic behavior.  Additionally, low 

temperature annealing (< 400 °C) allows for modification of phase crystallinity without 

subsequent phase assembly structural modification, thus impacting carrier transport 

without affecting absorption behavior.  This allows several avenues for optimization of 

the nanocomposite properties in an inherently industry compatible approach. 

The nanocomposites were successfully used as spectrally sensitized n-type 

heterojunction elements with industry and research significant p-type bases.  While none 

of the devices were fully optimized, all showed an improvement in performance 

characteristics with the insertion of the CdTe phase as opposed to devices made with just 

ZnO as the n-type heterojunction element.  A spectral response unique to the absorption 

behavior of the nanocomposite was identified in the photo-conversion properties of the 

devices.  Additionally, modification of the spatial distribution of the CdTe phase in the 

nanocomposites directly impacted device performance, such as the Jsc and overall 

efficiency.   

The initial ZnO layer was found to define the junction properties of the device 

regardless of the CdTe layer placement.  This precluded using the nanocomposite in its 

current state as a replacement for the CdS buffer layer in CIGS based devices.  Yet, it 

provides for further optimization by allowing the inclusion of other materials at the 

junction without significantly impacting the nanocomposite behavior overall.  For 
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example, the use of magnesium doped ZnO as the initial layer of the CIGS device to 

define the junction then followed by the CdTe – ZnO nanocomposite to determine the 

optoelectronic behavior with a top layer of aluminum doped ZnO as a the top electrical 

contact. 

This work helped elucidated the impact of quantum-scale CdTe phase assembly 

on the ensemble absorption behavior and the carrier transport properties through the 

nanocomposite.  The device level junction properties are dominated by the choice of 

matrix material while the absorption and photocarrier behavior was found to vary 

dramatically with the phase connectivity accessed by the deposition technique. Control 

over the spatial distribution of the two phases allowed the optical, electronic and 

optoelectronic properties to be tuned.   

Semiconductor – TCO nanocomposite thin films in general provide several 

avenues for optimization of PV relevant properties as control over the short and longer 

length scale structure allows for the tuning of the overall film behavior.  This increases 

the opportunity for integration into PV devices as a means to improve power conversion 

efficiencies.  Continuing efforts to understand and utilize quantum confinement effects in 

PV device components will make the energy harvesting capabilities of photovoltaics 

more robust.  Further analysis of nano-engineered PV device components will be crucial 

to improving the energy conversion efficiencies of future thin film photovoltaics.  
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7. FUTURE WORK 

The work presented here involves the impact of CdTe phase spatial distribution in 

a TCO matrix on the ensemble absorption behavior.  The key element is the ability to 

tune the properties of the nanocomposite through the CdTe phase connectivity.  However, 

the connectivity has only been probed indirectly in this study.  Further analyses are 

needed to better quantify the degree of CdTe phase connectivity throughout the entire 

nanocomposite.  Possible techniques include depth profiling by secondary electron 

mapping as described in reference [160] wherein a focused ion beam (FIB) was used to 

tomographically reconstruct a superlattice in three dimensions.  The use of conductive 

AFM (C-AFM) to analyze films at various stages of film growth would also give insight 

into the carrier transport pathways in the plane normal.  Phase discrimination should be 

possible based on relative conductivities, especially if AZO is used for the matrix 

material.  Whereas the potential is applied through the base of the sample to the C-AFM 

tip, local differences in conductivity at the film surface would indicate a more highly 

connected transport pathway through the thickness of the nanocomposite.  Other 

techniques such as Rutherford backscattering spectroscopy (RBS) and X-ray reflectivity 

(XRR) can provide insight into whether the CdTe diffuses into the ZnO matrix and the 

amount of roughness between phases at a buried interface.   

The nanocomposite electrical properties also require more study in order to 

determine the effects of the CdTe insertion (and phase assembly) on the behavior of the 
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thermal carriers in the matrix material.  Such analysis was hampered in this study due to 

the low carrier density for the nanocomposite films and the sensitivity limitations of the 

equipment utilized.  Depositing films with a higher aluminum doping concentration in the 

ZnO phase (i.e. 5 wt. % or 8 wt. %) would allow for more accurate measurements and 

further analysis of the temperature dependence of annealed nanocomposites.  

Additionally, measurements need to be taken with the applied field normal to the 

deposition plane.  The nanocomposites are anisotropic due to the deposition technique, 

making such measurements necessary for a more complete understanding of charge 

transport pathways normal to the deposition plane.  Hall Effect measurements are limited 

to the applied field being in the deposition plane.  The photoconductivity measurements 

allowed insight into the carrier transport pathways normal to the plane, but mobility or 

resistivity values could not be calculated from this data.   

The formation of an interfacial oxide layer is a critical component of the 

nanocomposite design as it influences carrier confinement.  An oxide phase composition 

has been determined for samples with a CdTe terminating layer via XPS after thermal 

annealing, yet not all the analyses techniques confirm this.  Raman analysis of annealed 

nanocomposites suggests the presence of CdO with no accompanying indication of a 

TeOx phase and further suggests a thermal decomposition of the CdTe phase after high 

temperature annealing with the emergence of resonances associated with elemental Te.  

Additionally, XRD measurements indicate the presence of an oxide, either CdO or a 

complex CdTe oxide such as CdTe2O5 or CdTeO3.  Depth profiling via XPS of 
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nanocomposites (or representative films) annealed at various temperatures would help 

verify the chemical state of the embedded CdTe phase in the ZnO matrix.   

Changes in the deposition conditions are another possible area of future research.  

This includes the continued investigation of phase connectivity by altering the CdTe and 

ZnO layer thicknesses (e.g. using a 1 nm thick CdTe layer), as well as the introduction of 

dopants.  Reaction atmosphere sputtering and heated substrates are other areas of interest.  

The introduction of a reactive gas to the sputtering environment would allow for in-situ 

modification of the chemical states of the sputtered materials.  Substrate heating during 

deposition may be able to improve phase crystallinity without the need for post-

deposition annealing and may be a possible method to avoid the formation of a CdTe 

oxide phase.  Other matrix materials could also be deposited instead of ZnO as a means 

of controlling the local chemical environment.   

Preliminary data has been shown for use of the CdTe – ZnO nanocomposites as 

an n-type heterojunction element.  Further work is being pursued to investigate the 

impact of the nanocomposite phase assembly on the junction characteristics of devices.  

Simulations coupled with experimental data are being used to probe the depletion layer 

width, changes in Voc and Isc and external quantum efficiency (EQE) with changes in the 

phase assembly.  Other device work could focus on the introduction of quantum-scale 

semiconductors into other device components such as an energy selective top contact or 

p-type heterojunction component.  Of particular interest is the investigation of an all 

inorganic bulk heterojunction device synthesized by gradually transitioning from a p-type 
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material to that of an n-type material.  While band gap engineering was the focus of the 

current work other PV relevant quantum confinement phenomena could be investigated 

including multiple exciton generation (MEG), hot carrier extraction or intermediate band 

absorbers.  
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APPENDIX A 

XRD INSTRUMENT L INE BROADENING 

The diffractogram of a mechanically ground single-crystal silicon substrate was 

used to determine the amount of line broadening inherent to the XRD instrument (Figure 

A 1).  This provided an upper limit for the Debye-Scherrer equation that was used to 

determine the domain size of the nanocomposites.  The average domain size of the Si 

powder according to the Debye-Scherrer equation is 48 ± 7 nm, as calculated based on 

the FWHM values of the major reflections.  Therefore, with the experimental conditions 

used, it is not possible to differentiate between domains approximately 50 nm in diameter 

and domains larger than 50 nm in diameter.  All the calculated domains sizes for the 

films studied were less than the 50 nm upper limit (Section 3.3.1). 
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Figure A 1 Powder diffractogram of a mechanically ground Si substrate. 
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APPENDIX B 

SAD PATTERN SIMULATION PARAMETERS 

The parameters used to simulate the SAD patterns via the PCED2 software, used 

for the TEM analysis (Section 3.3.4), are included in the given screen shots (Figure B 1 – 

Figure B 3).  The software assumes a preferred orientation of (001) for the hexagonal 

crystal structures and a domain diameter of 50 nm, but this will only affect the relative 

intensities and widths of the peaks and not their locations.  The calculated intensity 

values are included in Table B 1 for ZnO and Table B 2 for CdTe. 
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Figure B 1 Parameters used to define the ZnO crystal structure for the simulated 
SAD pattern using the PCED2 software. 
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Figure B 2 Parameters used to define the CdTe crystal structure for the simulated 
SAD pattern using the PCED2 software. 
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Figure B 3 Simulated TEM and sample conditions used in order to create the SAD 
pattern *note ZnO is phase 1 and CdTe phase 2 in the mass ratio field. 
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Table B 1 Calculated intensity values for the simulated reflections of ZnO. 

 

h k l g (1/Å) d (Å)
profile_I 

(a.u.)
total_I 
(a.u.)

(0,0,1) 0.19231 5.2 2.38E-30 0
(1,0,0) 0.35529 2.815 116.107 92.1
(0,0,2) 0.38462 2.6 69.933 65
(1,0,1) 0.404 2.475 133.212 136.6
(1,0,2) 0.5236 1.91 35.4819 61.1
(0,0,3) 0.57692 1.733 1.03E-30 0
(1,1,0) 0.61538 1.625 66.5278 158.3
(1,1,1) 0.64473 1.551 1.08E-05 0
(1,0,3) 0.67755 1.476 60.2159 173.7
(2,0,0) 0.71058 1.407 9.42747 29.9
(2,-1,2) 0.72569 1.378 40.6833 134.6
(2,0,1) 0.73615 1.358 14.6427 49.9
(0,0,4) 0.76923 1.3 1.65649 6.2
(2,0,2) 0.808 1.238 6.58579 27
(1,1,3) 0.84353 1.185 1.09E-05 0
(1,0,4) 0.84732 1.18 1.75277 7.9
(2,0,3) 0.9153 1.093 17.2603 90.9
(3,-1,0) 0.94002 1.064 5.7849 32.1
(3,-1,1) 0.95948 1.042 10.3056 59.6
(1,1,4) 0.9851 1.015 3.99269 24.3

Grain size: 50.0d, 20.0t (nm)

March parameter: 
1.0

Preferred axis: (001)Texture type: out-of-plane

---------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------

phase 1: ZnO K-factor: 1.0
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Table B 2 Calculated intensity values for the simulated reflections of CdTe. 

 

h k l g (1/Å) d (Å)
profile_I 

(a.u.)
total_I 
(a.u.)

(0,0,1) 0.13423 7.45 2.50E-29 0
(1,0,0) 0.25434 3.932 248.862 101.1
(0,0,2) 0.26846 3.725 95.3578 43.2
(1,0,1) 0.28759 3.477 224.219 116.5
(1,0,2) 0.36981 2.704 51.1589 44
(0,0,3) 0.40268 2.483 1.17E-30 0
(2,-1,0) 0.44053 2.27 164.711 200.8
(2,-1,1) 0.46052 2.171 1.58E-05 0
(1,0,3) 0.47628 2.1 182.114 259.6
(2,0,0) 0.50868 1.966 24.1464 39.3
(2,-1,2) 0.51588 1.938 61.1547 102.3
(2,0,1) 0.52609 1.901 27.1997 47.3
(0,0,4) 0.53691 1.863 2.98973 5.4
(2,0,2) 0.57517 1.739 10.011 20.8
(1,0,4) 0.59411 1.683 3.00139 6.7
(1,1,3) 0.59684 1.675 2.68E-05 0
(2,0,3) 0.64877 1.541 54.5397 144.2
(0,0,5) 0.67114 1.49 2.67E-31 0
(3,-1,0) 0.67292 1.486 15.9489 45.4
(3,-1,1) 0.68618 1.457 18.7614 55.5
(1,1,4) 0.69451 1.44 6.3371 19.2
(1,0,5) 0.71772 1.393 17.0671 55.2
(3,-1,2) 0.72449 1.38 7.8178 25.8
(2,0,4) 0.73961 1.352 1.21699 4.2
(3,0,0) 0.76302 1.311 18.8768 69.1
(3,0,1) 0.77473 1.291 5.93E-06 0
(3,-1,3) 0.7842 1.275 49.4753 191.2
(2,-1,5) 0.8028 1.246 3.73E-06 0
(0,0,6) 0.80537 1.242 4.63508 18.9
(3,0,2) 0.80887 1.236 9.79639 40.3
(2,0,5) 0.84213 1.187 8.63888 38.5
(1,0,6) 0.84458 1.184 5.66189 25.4
(3,-1,4) 0.86087 1.162 1.26868 5.9
(3,0,3) 0.86276 1.159 1.72E-05 0
(4,-2,0) 0.88106 1.135 10.1477 49.5
(2,2,1) 0.89122 1.122 4.31E-06 0
(3,1,0) 0.91703 1.09 4.2505 22.5
(1,1,6) 0.91798 1.089 15.6974 83.1
(4,-2,2) 0.92105 1.086 5.55024 29.6
(3,1,1) 0.92681 1.079 5.16362 27.9
(3,0,4) 0.93299 1.072 1.77831 9.7
(3,-1,5) 0.95039 1.052 10.1246 57.5
(2,0,6) 0.95256 1.05 3.32545 19
(3,1,2) 0.95552 1.047 2.35384 13.5
(2,2,3) 0.96872 1.032 1.37E-05 0

---------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------

Grain size: 50.0d, 20.0t (nm)K-factor: 1.0phase 2: CdTe
March parameter: 

1.0Preferred axis: (001)Texture type: out-of-plane
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APPENDIX C 

POWDER XRD OF SINGLE-PHASE ZNO AND CDTE 

In order to determine the preferred growth orientation of the single-phase thin 

films the diffractogram of a randomly oriented polycrystalline powder material was taken 

for comparison (Section 4.1.1).  The powders were mechanically ground from spent 

sputtering targets with a mortar and pestle (Figure C 1).  The relative height ratios of the 

diffraction peaks for the ZnO powder sample show the highest intensity for the (101) 

reflection, while in the thin film the highest reflection is the (002) peak.  The 

enhancement of the (002) reflection then is due to a preferred growth direction rather than 

geometrical effects.  Likewise for the CdTe powder sample the (111) and (220) 

reflections are dominate, while for the thin film the (111) reflection dominates even 

compared to the (220) reflection, again suggesting a preferred growth orientation. 
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Figure C 1 Powder diffractograms of mechanically ground spent sputtering targets 
of A) ZnO and B) CdTe. 
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APPENDIX D 

EFFECTS OF ITERATIVE DEPOSITION TECHNIQUE 

A single-phase ZnO film was deposited with an iterative deposition schedule in 

order to mimic the deposition conditions of the nanocomposite films.  This was done to 

verify that changes in the crystallinity of the ZnO phase were due to the introduction of 

the CdTe phase and not the interrupted nature of the deposition.  Figure D 1 contains the 

diffractograms of a ZnO film deposited continuously and a ZnO film deposited with the 

deposition schedule of a 0.5 nm – 1 nm CdTe – ZnO nanocomposite (devoid of CdTe).  

Both films have similar FWHM values for the (002) reflection, although the iteratively 

deposited sample has a lower degree of internal stresses based on the peak centroid.  

Profilometry measurements of the films showed the iterative film to be thinner even 

though both films were deposited with the same ZnO exposure time, indicating a more 

dense structure.  Overall the iterative deposition schedule improved the structural 

properties of the film and therefore any degradation of the crystallinity in the 

nanocomposite films can be attributed to the presence of the CdTe phase. 
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Figure D 1 XRD diffractograms of a continuously and iteratively deposited 
single-phase ZnO film. 
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APPENDIX E  

AFM  OF BARE SI SUBSTRATE 

Analysis of the single-phase 0.5 nm CdTe film imaged with AFM (Figure 4.23) 

required its comparison to a bare Si substrate in order to distinguish the CdTe phase.  The 

AFM image of a Si substrate is in Figure E 1, showing it to be very uniform with a low 

roughness value (Section 4.1.5). 

 

Figure E 1 AFM image of a bare Si substrate. 
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APPENDIX F 

AZO PLASMA FREQUENCY 

Free carriers in a solid can interact with impingent electromagnetic waves as the 

free carriers collectively move in response to the incoming field [43].  The oscillations of 

electrons, called the plasma frequency, essential shield the material and cause a decrease in 

transmittance.  For transparent conductive oxides this usually occurs in the near-infrared 

region of the spectrum.  As the carrier density increases the plasma frequency shifts to 

higher energies.  The absorbance response due to free carriers of CdTe – AZO and CdTe 

– ZnO nanocomposites of select films were compared and are plotted in  

Figure F 1 and Figure F 2 (0.5 nm – 1 nm and 0.5 nm – 8 nm phase assemblies 

respectively).  For the 0.5 nm – 8 nm nanocomposites there is a significant increase in 

absorption for the CdTe – AZO film which indicates the presence of a higher free carrier 

density than the CdTe – ZnO film.  Conversely, the 0.5 nm – 1 nm nanocomposites do 

not show a significant change in absorption between the CdTe – AZO and CdTe – ZnO 

films indicating the carriers from the AZO have become trapped.  The lack of free 

carriers is the most likely reason for the inability to measure the electrical properties of 

the 0.5 nm – 1 nm CdTe – AZO film, as well as other phase assemblies with a high 

volume fraction of CdTe. 
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Figure F 1 Absorbance of 0.5 nm – 1 nm CdTe – AZO and CdTe – ZnO 
nanocomposites. 
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Figure F 2 Absorbance of 0.5 nm – 8 nm CdTe – AZO and CdTe – ZnO 
nanocomposites.  
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