The Pennsylvania State University
The Graduate School
College of Engineering

STUDIES ON OPTIMIZING CADMIUM TELLURIDE SOLAR CELLS
THROUGH THICKNESS REDUCTION AND THE ADDITION OF A NICKEL
OXIDE ELECTRON-BLOCKING LAYER

A Thesis in
Engineering Science and Mechanics
by
Shawn A. Waggoner

© 2016 Shawn A. Waggoner

Submitted in Partial Fulfillment
of the Requirements
for a Degree of
Master of Science

December 2016

ii

The thesis of Shawn A. Waggoner was reviewed and approved* by the following:

Wook Jun Nam
Assistant Professor of Engineering Science and Mechanics
Thesis Adviser

Osama O. Awadelkarim
Professor of Engineering Science and Mechanics

Michael T. Lanagan
Professor of Engineering Science and Mechanics

Judith A. Todd
Professor of Engineering Science and Mechanics
P. B. Breneman Chair, Head of the Department of Mechanical Engineering

* Signatures are on file in the Engineering Science and Mechanics Office

iii

ABSTRACT
Cadmium Telluride (CdTe) solar cells are the current leader in thin film photovoltaic
technologies: with record device efficiencies comparable to any other thin film photovoltaic, and
a lower cost per watt-peak than any other industrial photovoltaic. Yet device efficiency and cost
must be further improved to continue making these devices economically competitive. This thesis
discusses cost reduction of CdTe solar cells by creating ultrathin (< 1 µm thick) CdTe absorber
layers through Magnetron Sputter Deposition.

Previous research on these devices has

demonstrated excellent stability, but significantly reduced efficiency when compared to CdTe
devices with thicker (typically > 3 µm thick) absorber layers. To avoid this efficiency reduction,
research is conducted on adding a < 10 nm NiO layer between the CdTe and the metal back
contact. Ideally this NiO layer would act as electron-blocking / hole-transporting layer (HTL),
which is typically necessary with ultrathin solar absorbers. NiO layers were grown by Atomic
Layer Deposition, with surface topography characterized through Atomic Force Microscopy
(ALD), crystal structure characterized through Grazing-Incidence X-Ray Diffraction, and optical
absorption characterized through UV-Vis Spectrometry. These methods demonstrated that the
ALD NiO films were conformal and continuous, p-type, and had an electronic band-gap of 3.55
eV. 500 nm CdTe solar cells developed with 3.5 nm NiO also yielded promising results: Fill Factor
was enhanced by 6.74%, and Photon Conversion Efficiency (PCE) was enhanced by 1.12% with
the addition of a 3.5 nm NiO layer. Beyond these experimental tests, additional simulation work
using Analysis of Microelectronic and Photonics Structures (AMPS) software demonstrated that
CdTe simulations gained 247 mV of open-circuit voltage, and a PCE increase of 6.13% with the
addition of a 3.5 nm layer of NiO. The results demonstrate that NiO could act as an effective HTL,
and that further experimental work should be conducted on solar cells utilizing ultrathin CdTe.
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Chapter 1
Introduction to CdTe Photovoltaics

1.1: Environmental and Economic Importance of Photovoltaics
In December 2015, history was made on climate change policy. 195 countries reached the
first legally binding and universal climate policy agreement. The agreement was ratified on the
22nd of April 2016, including promises from China, the European Union, India, Russia, and the
United States of America to limit global average temperature from rising 2ºC above the preindustrial average temperature [1-1, 1-2]. To make this goal feasible, nations worldwide will need
to vastly change how they generate, distribute, regulate, and use energy. To follow through on the
Paris agreement, the United States is calling for average vehicular fuel-efficiency to increase to
54.5 miles per gallon, as well as doubling the nation’s 2015 wind and solar energy supplies, all by
2025. In addition, the Clean Power Plan, which is aiming to reduce carbon pollution from power
plants by 30%, is estimated to cost between $7 billion and $9 billion, while simultaneously
yielding climate and health benefits from $55 billion to $93 billion in 2030 [1-3, 1-4]. These
estimates are already quite impressive, but analyses of more aggressive clean power policies
demonstrate that much greater ecological and health benefits society are attainable.
Work by Drew T. Shindell et. al. estimates that using clean energy and transportation
policies which demand half the CO2 emissions in 2030 as the United States’ Clean Power Plan
would generate approximately $250 billion in near-term national health benefits, where the
simulation had a variation in cost savings from $140 billion to $1,050 billion [1-5]. These
aggressive clean energy and transportation policies will guarantee the global average temperature
increase does not exceed 2ºC, and could prevent approximately 29,000 asthma attacks in children

2
under 18 which would require emergency care as well as 15,000,000 lost adult work days from
illness per year [1-5]. Though the implementation costs for policies outlined in the research from
Shindell et. al. would be far greater than the implementation costs of the current Clean Power
Plan, the near-term benefits of the aggressive plan are anticipated to be a factor of 5-10 greater
than the costs [1-5].
With the societal benefits of an extreme shift in energy production by 2030 outlined, the
next question becomes: how many clean energy-creating devices need to be designed to achieve
this shift? According to economic analyses performed by Mark Jacobson and Delucchi, meeting
global energy demands for 2030 off of wind, water, and solar (WWS) technologies would require:
“~3,800,000 5 MW wind turbines, ~49,000 300 MW concentrated solar plants, ~40,000 300
MW solar PV power plants, ~1.7 billion 3 kW rooftop PV systems, ~5,350 100 MW geothermal
power plants, ~270 new 1,300 MW hydroelectric power plants, ~720,000 0.75 MW wave devices,
and ~490,000 1 MW tidal turbines” [1-6, 1-7]. The footprint of this purely WWS energy society
would require another 0.41% of available land in the world, with rooftop photovoltaic (PV) devices
not being considered since they are attached to residential land [1-6]. In addition, this WWS
layout is also predicted to reduce energy consumption by up to 30% worldwide. The inefficiencies
on fossil fuel-based energy generation causes a severe difference between supplied and used
energy; the EIA estimated that energy supplied globally in 2010 was around 12.5 TW, and energy
supplied to the United States was around 2.37 TW, while energy used globally was around 2 TW
[1-6, 1-8, 1-9]. Estimates for fossil fuel-based energy generation in 2030 show that globally we
will need 16.92 TW and in the United States we will need 2.83 TW, while WWS-based energy
generation in 2030 only requires 11.47 TW globally and 1.78 TW in the United States [1-6, 1-8].
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Figure 1.1: Installed PV System Prices, Known (2010, 2015) and Estimated (2020) based on
the DOE SunShot Initiative. Originally from Source [1-10].

Jacobson and Delucchi’s plan requires 90% of the future power supply to be generated by
wind and solar, with solar broken up into 30% rooftop PV, and 70% power plants. In developable
locations, wind would be able to generate more than 3-5 times all needed global energy, while
solar would be able to handle 15-20 times what is needed [1-6]. Though supplying all of the
world’s energy through WWS is an extremely optimistic goal, the potential for solar is undeniable.
Figure 1.1 demonstrates the rapidly dropping costs of implementing solar in the United States, as
well as the Department of Energy’s SunShot goals for 2020. Ideally the SunShot Initiative wants
to achieve $0.06 per kilowatt-hour ($/kWh) with utility-PV by 2020, and from 2010 to November
2015, 70% of these necessary cost reductions were already achieved [1-10]. Other analyses show
that as of 2010, residential PV devices were operating at >$0.20/kWh and are projected to drop
to costs of $0.10/kWh [1-7].
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Figure 1.2: Current Solar Capacity in the United States. Originally from Source [1-11].

Based on these analyses demonstrating the total useable solar energy and falling costs of
device fabrication, it is clear that solar has immense potential. PV devices specifically offer the
unique benefits of avoiding electricity transmission and distribution networks, and does not
require new land for implementation [1-6]. Currently, PV devices still require government
incentives to convince people to adopt solar, and as Figure 1.2 demonstrates, Solar Investment
Tax Credits (ITC) have been effective. Solar implementation has also been beneficial for the
United States job economy, which is shown in Figure 1.3. Considering current system costs and
government incentives for PV devices in Massachusetts, work from Christoph Bauner and
Christine Crago has shown that the median adoption time would increase by eight years without
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Figure 1.3: Workers Employed through Solar Jobs in the United States versus Coal
Mining, Oil and Gas Extraction. Originally from Source [1-11].

current government incentives [1-12]. If PV devices are going to be crucial in future energy
generation, the cost per watt of manufacturing these devices must continue to drop. This can be
accomplished through both refining the process for making photovoltaic devices and energy
storage technology, as well as improving the amount of energy gathered from each device.
Chapters 3 through 6 of this thesis are focused on enhancing the efficiency of PV devices to make
more economically viable solar cells. This following chapter looks into the current materials and
progress in PV technology, and chapter 2 focuses on the underlying physics driving PV technology.
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1.2: Typical Materials for Industrial Photovoltaics
Figure 1.4 on the following page displays the record PV device efficiencies obtained by
NREL from 1976 to 2016. Photovoltaics can be separated into three major device architectures:
single-junction, multi-junction, and concentrators. A single-junction PV device uses one material
to capture light, while a multi-junction device uses more than one material. Effectively, multijunction PV devices are a group of single-junction PVs carefully chosen to complement each other,
and placed electrically in series [1-14]. Device architecture for single-junction and multi-junction
devices is demonstrated in Figure 1.5. A solar concentrator typically refers to an array of mirrors
and lenses arranged to direct solar energy towards turning water into steam [1-16], but that is not
what is discussed in Figure 1.4. Instead, a PV concentrator (CPV) uses lenses to increase the
intensity of solar energy upon a single- or multi-junction PV. The increase in solar intensity will
increase light collection, which can be used with expensive PVs like GaAs to make the device more
economically effective in terrestrial applications [1-17]. CPVs and multi-junctions are typically far
more expensive and more difficult to manufacture than single-junction devices. Even though
those devices offer greater efficiencies than single-junction PVs: solar farms, rooftop PV
manufacturers, and academic researchers typically work with single-junction PV devices.
Single junction PV devices are defined based on what absorber material is used. Typical
industrial PVs use crystalline Silicon (Si), amorphous Silicon (a-Si), CIGS, CdTe, or GaAs [1-13].
Out of these materials, Silicon is by far the global leader in PV production. Based on production
estimates for PV in 2015, multi-crystalline Si accounted for 43.9 GWp (Giga-Watts peak), monocrystalline Si accounted for 15.1 GWp, and thin-film technologies such as CdTe, CIGS, and a-Si
accounted for 4.2 GWp [1-18]. Silicon is not typically grouped with thin-film techniques because
it requires an
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Figure 1.4: NREL Record Efficiency PV Devices as of 2016.
Originally from Source [1-13].
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Figure 1.5: Materials Needed to Create (a), a Single-Junction CdTe PV device, and (b), a
Multi-Junction InGaP/InGaAs/Ge PV Device. Image (b) from [1-15].

Figure 1.6: Record Industrial & Research Energy Conversion Efficiencies for Major
Terrestrial PV Modules. From Fraunhofer ISE [1-18].
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absorber layer around 200-300 µm thick, while thin-films are always > 100 µm, and often times
created at thicknesses > 10 µm [1-18, 1-19]. Thin-film Silicon is a subject of great interest with
researchers, but these devices require clever architectures and light trapping techniques to make
the energy conversion efficiency competitive with thicker Si and other thin-film techniques, which
is limiting their industrial viability [1-19]. In addition to having a much higher market share than
thin-film PVs, Figure 1.6 shows that industrial Si PVs have greater record efficiencies as well, but
this does not mean that Si is a better PV absorber than its competitors. Manufacturing techniques
are understood better for Si than for other PV materials, which makes the devices betterdeveloped, and implies that there will likely be more room for growth with other materials than
there will be with Si.
Gallium Arsenide (GaAs) has excellent optical and electrical properties for PV
applications, but a couple issues limit it from typical industrial use. Though GaAs has a much
higher electron mobility than Si, and requires significantly less material to absorb an equivalent
amount of light as Si (absorption in a few µm of GaAs ≈ absorption in 100 µm Si), manufacturing
GaAs is far more expensive than manufacturing Si [1-21]. The substrates that GaAs is grown on
and the material itself are both too expensive to be cost-efficient compared to Si and other thinfilm materials [1-20]. This limits GaAs to multi-junction and space applications. GaAs has a
higher resistance to radiation damage than Si, and experiences less efficiency losses at > 100ºC
temperatures than Si, which makes it the preferred absorber for space PVs [1-20]. In addition,
since GaAs can be grown on Ge and other semiconductors, it is an excellent candidate for multijunction cells [1-20].

Since multi-junction cells are typically only cost-efficient for space

applications, this creates a beneficial overlap with GaAs’s electronic advantages and cost
disadvantages, allowing it to be an ideal choice for space PV, while giving further cause to doubt
its usefulness in terrestrial PV.
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Figure 1.7: Percentage of Global Market Share for the Three Leading Thin-Film PV Devices.
From Fraunhofer ISE [1-18].

Amorphous Silicon and CIGS thin-film solar cells, featured on Figures 1.6 – 1.8, are both
promising, but still problematic alternatives to crystalline Si solar cells. Amorphous Si and
hydrogenated Si photovoltaics are grown through nearly identical approaches: both are created
with plasma-enhanced chemical vapor deposition (PECVD) using gas chemistries of Silane (SH4)
and Hydrogen, where hydrogenated Si is achieved by increasing the ratio of Hydrogen to Silane
in the deposition process.

Amorphous Silicon photovoltaics can easily be fabricated in

monolithically-integrated large area modules, and have a temperature efficiency degradation of 0.2%/ºC, lower than typical crystalline Si solar cells. Due to these properties amorphous Si PVs
have proved to be useful in building-integrated applications [1-22]. The main concern with using
amorphous or hydrogenated Si comes from the Staebler-Wronski effect. Within a few hundred
hours of exposure to sunlight, a-Si bonds are broken and reformed with efficiency-reducing
defects, which places this material at an unfortunate performance disadvantage versus other PV
materials [1-22].
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Figure 1.8: Global Thin-Film PV Production in MWp. From Fraunhofer ISE [1-18].

As can be seen in Figure 1.8, Copper Indium Gallium Selenide (CIGS) solar cells are
increasing in popularity over a-Si, and for excellent reasons. CIGS solar cells are currently
achieving research & industrial device efficiencies far higher than that of a-Si, and only require an
absorber layer a few µm thick [1-23]. The only major concerns with CIGS are in relation to how
new it is to industrial-scale manufacturing. The best CIGS growth is achieved through coevaporation which requires careful control of temperature and source composition to avoid phase
separation and an unwanted energy structure; unfortunately, the best growth method for largearea modules (utility-grade) is through Selenization, which does not achieve efficiencies as high
as the co-evaporation processes [1-23]. Industrial CIGS PVs are quite likely to continue gaining
efficiency as the growth process is better understood and refined, but until this occurs it will
remain at a slight disadvantage to the other major thin-film PV material, CdTe.
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Figure 1.9: Energy Pay-Back Time of Various PV / CPV Systems. From Fraunhofer ISE [118].

Cadmium Telluride (CdTe) solar cells are the current leader in thin-film PVs, with over
double the market share of CIGS PV in 2015 as shown in Figure 1.7, and reaching nearly 3000
MWp in annual PV module production [1-18]. Industrial CdTe us Close-Spaced Sublimation (CSS)
to deposit layers of CdTe for large area modules at a rapid rate (ideally > 10 µm/min), and with
the material’s excellent absorption properties, < 10 µm is needed to obtain ideal light absorption
[1-24]. Due to this ability to economically manufacture CdTe PV, CdTe modules have the lowest
energy payback time of any material. This data is displayed in Figure 1.9. Unfortunately, these
modules will always have one major concern: Cadmium and Tellurium are both very toxic
materials. The only solution to this problem that still allows for large-scale CdTe manufacturing
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is the creation of an efficient CdTe recycling program. CdTe manufacturing companies claim to
have made progress in the recycling process, but this process still needs further refinement.
The other concern with this material comes from efficiency. Though industrial CdTe PV
doesn’t achieve efficiencies as great as current Silicon panels, the dominant CSS fabrication
technique gives it an advantage over the comparatively costly approach of growing Si wafers. Also,
even though CdTe has an energy payback advantage over other photovoltaic technologies, its cost
must still decrease to make it advantageous for utility and residential applications. The two best
ways to lower this cost would be to develop a lower cost manufacturing technique, or to improve
the efficiency of CdTe devices: both will decrease the device’s cost per WP. The following chapters
of this thesis investigate both approaches. The goal of this thesis is to determine whether NiO
could be used to improve ultrathin CdTe devices created through sputter deposition. Creating an
ultrathin layer allows for cost reductions through minimizing materials consumed, and sputter
deposition is generally an economic method of thin-film manufacturing. Chapter 3 focusses on
the characterization of NiO, Chapter 4 focusses on the performance of ultrathin CdTe devices
through sputter deposition, and Chapter 5 analyzes how device performance changes with the
addition of NiO through experimental and simulated devices. Before that can be discussed
though, the basics of photovoltaic performance need to be understood, as well as the simulation
software used throughout later chapters. The basic metrics of photovoltaics, importance of
electron / hole blocking layers, and operational principals of AMPS modeling are examined in
Chapter 2.
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Chapter 2
Understanding Photovoltaic Device Performance: Performance
Parameters, Material Layers, and Device Simulations

2.1: Basic Principles of Photovoltaics
Solar cells, which operate by converting photon energy into electrical energy, have been
one of the most intensively researched forms of renewable energy over the last 60 years [2-1].
These photovoltaic devices operate through the use of materials which can generate an electronhole pair through absorbing wavelengths of light, and are then able to separate the flow of
electrons and holes to opposite ends of the device to avoid recombination. An electron is simply
the elemental charge for electrical energy, but a hole is a slightly strange concept. The energy
from impinging photons can undo bonds within a material’s lattice structure, which frees
electrons and leaves broken bonds, or holes. These empty spaces are considered as charged
particles in solid state physics since the hole has a different energy state relative to the rest of the
material, and as the broken bond switches from one lattice site to another, it appears to have an
effective velocity and acceleration, which implies that it also has an effective mass [2-2].
Eventually, each electron and hole will recombine in a material, but the goal of a good photovoltaic
design is to steal the energy of the excited electron before this recombination occurs.
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Figure 2.1: (a) Single Junction Solar Cell without Charge Carrier Blocking Layers, and (b)
Single Junction Solar Cell with Charge Carrier Blocking Layers.

For a material to be able to absorb a photon, it must have a gap in energy states between
its valence band (highest occupied electron state) and its conduction band (lowest unoccupied
electron state) [2-1]. In terms of molecular orbitals, the valence band refers to the system’s
bonding orbitals, while the conduction band would be the system’s antibonding orbitals. Charge
separation is demonstrated by Figure 2.1a, where the top line in each drawing is the conduction
band (EC), the bottom line in each drawing is the valence band (EV), and the dotted line in the
middle is the Fermi level (EF). The dots on the conduction band and valence band in Figure 2.1a
are the separated electron and hole charge carriers, respectively. Charge carriers stuck on the
conduction and valence bands both want to reach the Fermi energy, which is why electrons and
holes appear to have higher concentrations near the Fermi energy in this figure. The Fermienergy is the most probable energy state that a charge carrier will have in a material, so any
material with a gap of forbidden energy levels will have its Fermi energy between the highest
occupied molecular orbital (EV) and the lowest unoccupied molecular orbital (EC) [2-2].

18

Table 2.1: Comparison of Material Band Gaps and Minimum Absorption Wavelengths for
Various Materials.

Materials are typically classified based their forbidden energy levels / band gap (EG).
Materials with no, or nearly no, band gap energy are considered metals, materials with a band gap
around 0.2eV to around 5eV are considered semiconductors, and materials with a band gap
greater than 5eV are considered insulators [2-3]. Representative materials for each of these
categories are shown in Table 2.1, as well as their band gap energies and minimum absorption
wavelengths. Each band gap is going to correspond to a unique cut-off absorption wavelength, so
a solar cell must be designed with a photon absorber material that will be able to absorb most of
the solar radiation spectrum. The solar radiation spectrum intensity is greatest around the optical
wavelength range (400-700nm), which corresponds to a band gap range of 3.10 eV – 1.77 eV,
though there is still a large “tail” of solar radiation with wavelengths greater than the edge of the
optical range. The benchmark most commonly used to determine solar radiation intensity is the
AM 1.5G spectrum, which is shown in Figure 2.2. AM 1.5G considers the spectral irradiance of
direct and scattered light on Earth, while other standards such as AM 1.5D and AM0 consider the
spectral irradiance of just direct light on Earth and the spectral irradiance of light outside of
Earth’s atmosphere, respectively[2-4].
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Figure 2.2: AM 1.5D (in Red), AM 1.5G (in Blue), and Extraterrestrial Spectra (in Black).
From http://rredc.nrel.gov [2-4]

Materials with band gaps cannot absorb light with wavelengths longer than their cut-off
wavelength, i.e. light with less energy than the material’s band gap, which means that large band
gap materials are automatically missing a significant section of the solar spectrum. Meanwhile,
smaller band gap materials waste high-energy photons as thermal energy, implying that a
semiconductor for photovoltaics must be chosen to minimize both losses from cut-off wavelengths
and thermal losses. Shockley and Quiesser determined this optimal band gap for single-absorber
photovoltaics to be around 1.4 eV, with a “detailed balance limit” generated assuming that
radiative recombination is the primary reason for charge carrier recombination [2-6]. This
analysis supports the typical materials chosen for industrial photovoltaics, as Si has a band gap of
≈1.1 eV, CIGS goes from 1.04 – 2.4 eV, and CdTe has a band gap around 1.45 - 1.5 eV [2-6].
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Figure 2.3: Shockley-Quiesser Limit for Photovoltaic Conversion Efficiency. The Top
Horizontal axis is Band Gap Energy in Electron-Volts, and the Vertical Axis is Maximum
Achievable Conversion Efficiency [2-5].

Total efficiency (η) in a solar cell is defined as the power obtained from the device divided
by the total solar power incident on the device, shown below as
𝜂=

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

=

𝐽𝑀 𝑉𝑀
𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

where Pout/incident is power, JM is the current density developed at maximum efficiency, and VM is
the voltage developed at maximum efficiency. Useful current density in a solar cell decreases as
voltage increases, so a balance between these two parameters must be chosen to optimize device
efficiency: this point of operation is where JM and VM occur [2-1]. The J-V curve for a solar cell
can be seen in Figure 2.4, where current density on the vertical axis is the short circuit current
density (JSC) and voltage on the horizontal axis is the open circuit voltage (VOC).
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Figure 2.4: Solar Cell J-V Curve, Demonstrating Maximum Power and Ideal Power.

Short circuit current density is effectively the maximum amount of charge carriers that
can be generated in a properly functioning photovoltaic device. I make the distinction “properly
functioning” because larger current densities are certainly possible within these materials, but
they will not be due to photovoltaic action, but rather some external circuit. The total amount of
charge carriers generated at short circuit / zero voltage bias will be determined by how strongly
the material absorbs light and how quickly charge carriers in the material are inclined to
recombine. This is quantitatively shown by
𝐿

𝜆1

𝐿

𝐽𝑆𝐶 = −𝑒 [∫ ∫ 𝐺𝑝ℎ (𝜆, 𝑥)𝑑𝜆 𝑑𝑥 − ∫ 𝑅(𝑥)𝑑𝑥 ]
0

𝜆0

0

where e is an elementary electron charge, L is the length of the absorber layer, λ is the wavelength
of light, Gph is a function representing free charge carrier generation, and R is a function
representing recombination within the material [2-1]. Non-ideal interfaces at the top and bottom
of the absorber layer will also effect JSC, but this is not included to somewhat simplify the equation.
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A negative sign is included outside the right side of the equation to keep this equation consistent
with the J-V curve in Figure 2.4: photovoltaic behavior occurs in the fourth quadrant for this
graph (negative J, positive V).
Open circuit voltage represents the maximum possible voltage bias that can occur before
a device stops operating as a solar cell. For a homojunction solar cell (where solar absorption is
performed by one material), the equation for VOC is
𝐿

𝑉𝑂𝐶 = ∫ 𝜉(𝑥)𝑑𝑥 ≲ 𝐸𝐺
0

where ξ is the electrostatic field of the PV device, and EG is the band gap of the absorber. An
electrostatic field is effectively the band bending within the conduction or valence band (which
can be seen in Figure 2.1), or how much the electronic potential changes across a solar cell. The
VOC value is never greater than the absorber’s band gap, since inducing a bias greater than the
band gap will cause band bending to invert at each end of the material, causing intense
recombination that ruins photovoltaic behavior in the absorber [2-1]. A heterojunction solar cell
(where solar absorption is performed by multiple materials) would use a similar VOC equation to
the one demonstrated above, except now effective forces would also need to be considered.
Effective forces are caused by abrupt changes of EC and EV between materials, and can be
accounted for as long as each material’s electron affinity and energy gap are known.
In addition to η, JSC, and VOC, another necessary metric of PV device performance is the
fill factor (FF). A fill factor simply the ratio of the maximum power developed in a solar cell versus
the ideal power it could achieve. This is shown by
𝐹𝐹 =

𝑃𝑀𝑎𝑥
𝐽𝑀 𝑉𝑀
=
𝑃𝐼𝑑𝑒𝑎𝑙
𝐽𝑆𝐶 𝑉𝑂𝐶

with variables are defined in previous equations. This is also shown graphically in Figure 2.4. The
ideal power referenced in this definition is the total power which would be generated by this solar
cell if it behaved like an ideal diode, meaning that it switches perfectly between on and off states.
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Figure 2.5: Energy Band Diagram of a Typical CdTe Solar Cell. a) Depicts Common HoleDoping Concentrations, b) Depicts High Hole-Doping, and c) Depicts Low Hole-Doping.
From Source [2-7].

No real devices can achieve this behavior though; the best industrial devices obtain fill factors >
0.70. Record CdTe devices in 2009 were able to reach 16.5% efficiency with JSC ≈ 26 mA/cm2, VOC
greater than 800 mV, though the FF is around 0.65, lower than other industrial solar cell designs
[2-7]. Since 2009, CdTe manufacturers have made strides in their research modules: record CdTe
efficiencies have reached 22.1% as of early 2016 [2-8].
Band diagrams for a CdTe solar cell are shown in Figure 2.5. In this image, light enters
the solar cell through the leftmost material (TCO). TCO stands for Transparent Conductive Oxide,
which is typically included in PV designs to improve device performance. A TCO has a band gap
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wide enough that optical wavelengths of light can travel through it without being absorbed, and
uses materials with high charge carrier mobility. Indium Tin Oxide and Aluminum Zinc Oxide
are the most common materials used as TCOs [2-1, 2-9]. In addition to using a TCO, nearly all
CdTe PV designs will use an ultrathin layer of Cadmium Sulfide (CdS). This layer is difficult to
see in Figure 2.5, it is only noticeable as a “step” between the TCO and CdTe valence bands. CdS,
like the TCO, is used as a window layer in the CdTe device. Window layers are chosen to allow
light to pass through to an absorber layer (CdTe), encourage electron and hole charge carriers to
travel in opposing directions, and minimize strain between material layers. CdS is not a perfect
window layer, it parasitically absorbs blue light and has a lattice mismatch of 9.7% with CdTe, but
it is still the most popular choice of window layer for CdTe devices, and effectively separates
absorbed charge carriers [2-9]. This last property also places CdS within another important
family of materials quite similar to window materials: electron-blocking and hole-blocking layers.

2.2: Hole Transport / Electron-Blocking Layers
Electron Transport / Hole Blocking Layers (ET/HBLs) and Hole Transport / Electron
Blocking Layers (HT/EBLs) are materials used to improve charge-carrier separation, which is
critical for efficient PV devices. These layers can be seen in Figure 2.1b, and work through effective
forces. Electrostatic forces operate by driving charge carrier separation with band bending;
instead, effective forces are abrupt changes in electric potential. These abrupt changes occur
whenever two materials are joined together with different electron and hole affinities. Electron
affinity is the amount of energy needed to eject an electron out of a material from the conduction
band, and hole affinity instead describes the amount of energy needed to eject a hole out of a
material from the valence band [2-1]. Carefully choosing two materials with matching hole
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Figure 2.6: Conduction Band and Valence Band Energies for Various ET/HBLs and
HT/EBLs. Typical HT/EBLs are Located to the Left of the Gray Region in this Image, while
Typical ET/HBLs are Located to the Right. From Source [2-1].

affinities and differing electron affinities creates a path for holes and a roadblock for electrons,
meaning that a HT/EBL has been designed. The electron and hole affinities for common
HT/EBLs and ET/HBLs can be seen in Figure 2.6.
Blocking layers have less required functions than window layers or TCOs: they do not need
to be transparent to optical wavelengths or highly conductive, though these properties are still
desirable for solar applications. Any blocking layers placed after a sufficiently thick absorber do
not need to be transparent as nearly all light should already be converted into electrical energy. A
highly resistive blocking layer would also be usable in a solar cell if it is only a few nanometers
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Figure 2.7: a) Illustrations of a Bulk Heterojunction Organic Solar Cell with Typical and
Inverted Layouts, and b) the Corresponding Energy Band Diagram. From Source [2-10].

thick. Resistive layers will slow charge transport down, but as long as the charge carrier can
escape before recombination, this should not hinder device performance.
Charge carrier blocking layers were first prominently used in organic solar cells, which use
organic polymers to absorb light and separate charge carriers. The layout for bulk heterojunction
organic solar cells (where the absorber layers are mixed together, not separated into bilayers) is
shown in Figure 2.7a, and its band diagram is shown in 2.7b. Organic solar cells typically generate
excitons, quasi-particles formed from loosely bound electrons and holes across the conduction
and valence bands. Excitons have a typical diffusion length of 5-20 nanometers, making it critical
to break these charge carriers apart as soon as possible [2-11]. The most commonly used electron
blocking layers for these devices are PEDOT:PSS and P3HT, while the equivalent hole blocking
layers are TiOX and PCBM [2-11].
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Advances in organic solar cell performance through the use of charge blocking layers has
prompted researchers to investigate how useful these materials could be in other types of solar
cells. Upon careful consideration of absorber and blocking layer energy levels, it is completely
possible to enhance inorganic solar cell efficiencies through the use of these blocking layers.
Unfortunately though, optimizing new blocking layers for existing PV architectures is quite time
and cost intensive. To save costs and a researcher’s sanity when making these devices, it is critical
to run device simulations.

Relying on simulations allows researchers to quickly and cost

efficiently test out which combinations of absorber and blocking layers yield the best results, as
well as investigate possible defect and interfacial concerns with these combinations.

The

following section discusses the operational principles of the solar cell simulator used for this
thesis.

2.3: Solar Cell Modeling using AMPS
Analysis of Microelectronic and Photonic Structures, or AMPS, is a program designed to
simulate the band structure and performance parameters of photovoltaic devices. This program
can generate accurate results through its consideration of Fermi-Dirac Statistics, defect and
doming concentrations with various distributions, and accounting for both Radiative and
Shockley-Reed-Hall (s-r-h) recombination processes [2-12, 2-13]. Devices are simulated by
dividing a one-dimensional material into a user-determined set of grid points, and then solving
equations with the Newton-Raphson technique for the electron quasi-Fermi level, hole quasiFermi level, and electrostatic potential at each of these points. Once these three values are known,
the electric field distribution, band diagram, current density, charge carrier populations,
recombination through the device, and all other charge transport information can be obtained [213].

28
Those critical three values are obtained by using three coupled, non-linear differential
equations: Poisson’s equation, the charge carrier continuity equation for electrons, and the charge
carrier continuity equation for holes. Poisson’s equation, as used in AMPS, is
𝑑
𝑑𝛹
(−𝜀(𝑥)
) = 𝑞 ∗ [𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷+ (𝑥) − 𝑁𝐴− (𝑥) + 𝑝𝑡 (𝑥) − 𝑛𝑡 (𝑥)]
𝑑𝑥
𝑑𝑥
where ε is electron permittivity, Ψ is electrostatic potential, n is free electron concentration, p is
free hole concentration, ND+ is ionized donor-like doping concentration, NA- is ionized acceptorlike doping concentration, and nt / pt are trapped charge carrier concentrations. This equation is
critical for describing the relationship between electrostatic fields within a material, and the
behavior of n- or p-type charge carriers in various states (free, trapped, etc.) [2-13]. To properly
converge with the behavior predicted from Fermi-Dirac statistics, the equations describing n and
p are
𝑛 = 𝑁𝐶 𝐹1/2 exp (
𝑝 = 𝑁𝑣 𝐹1/2 exp (

𝐸𝐹 − 𝐸𝐶
)
𝑘𝑇

𝐸𝑉 − 𝐸𝐹
)
𝑘𝑇

where NC and NV are the respective effective band densities of states for EC and EV, F1/2 is the
Fermi-integral of order one-half, k is the Boltzmann constant, and T is temperature. Designing
the free electron and hole concentrations with the Fermi-integral allows these equations to
accurately predict electronic device performance even if degenerate doping concentrations are
reached (i.e. doping concentrations where Fermi-Dirac approximations cease to be accurate) [212, 2-13].
The continuity equations for electrons, and the equation for electron current density, are
1 𝑑𝐽𝑛
( ) = −𝐺𝑝ℎ (𝑥) + 𝑅(𝑥)
𝑞 𝑑𝑥
𝐽𝑛 (𝑥) = 𝑞𝜇𝑛 𝑛 (

𝑑𝐸𝑓𝑛
)
𝑑𝑥
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Figure 2.8: Examples of Typical Radiative (a) and S-R-H (b, c) Recombination. a)
Represents a Band-to-Band Energy Transition, b) Band-to-Trap State Energy Transition,
and c) Trap State-to-Trap State Energy Transition. Adapted from Source [2-1].

In the continuity equation q is the elementary electron charge, Jn is electron current density, Gph
is the generation rate of new charge carriers from impinging photons, and R is the net
recombination rate. In the current density equation, µn is electron mobility, and Efn is quasi-Fermi
level for the conduction band [2-13]. The continuity equation for holes and the hole current
density equation are analogous to the previously described equations: switch all n-notation to pnotation, and switch the signs on G and R in the continuity equation.
Net recombination is determined by approximating the effects of radiative and s-r-h
recombination within a material layer. Radiative recombination occurs when an electron drops
from the conduction band to the valence band. This causes recombination with a hole and either
emits a photon with energy equal to EG, or generates phonons and a photon with slightly less
energy than EG. S-r-h recombination also emits photons and phonons, but involves trap states
between EC and EV, which allows phonons to play a larger role. Phonons have energies ≲ 0.1 eV,
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Figure 2.9: Examples of Some Auger Recombination Processes. From Source [2-1].

meaning that they cannot induce charge carrier recombination in an ideal semiconductor. If a
semiconductor has defect states within its energy gap though, phonons can cause electrons and
holes to switch into these states, and ultimately recombine through further phonon interactions
or photon emission [2-1, 2-13]. Figure 2.8a demonstrates a typical radiative recombination
process, while Figure 2.8b and c demonstrate two typical s-r-h recombination processes, though
they only show photon emission, not phonon emission.
In addition to the recombination methods listed above, there is one mode and one defectclassification not considered in AMPS: Auger recombination and Amphoteric trap states. Auger
recombination involves energy transfer and recombination across more than two charge carriers.
For example, an electron may experience an energy drop from EC to EV, where it recombines with
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a hole, and transfers its energy to an electron which is now elevated above EC, meaning that no
photons are emitted. This process could also be completed with a photon or phonon emission,
and these emitted waves could cause more changes for charge carrier energies. A few of these
energy transfers are shown in Figure 2.9. The variations of Auger recombination are vast cannot
easily be predicted, which is why they are excluded from AMPS. Amphoteric states in a solar cell
are trap states which have more than two charge states. These can become double donor
(electron) or double acceptor (hole) defects now, or even take on other unusual charge states. This
differs from the statistics used in s-r-h recombination approximations, which means that new
statistical models are necessary to account for amphoteric states [2-14]. Models have been
designed in the past few years, but they are still being refined.
Though amphoteric states cannot be considered, the s-r-h recombination model used in
AMPS allows for a variety of defect profiles which appear in typical photovoltaic materials.
Dopants, which are used to bring a material Fermi-level closer to either EC or EV, can be simulated
as states directly on EC or EV, or as discrete defects within the band gap. Using discrete doping
defects would be useful for investigating whether dopants are leading to increase s-r-h
recombination within a PV device. Defects can also be simulated with a Gaussian distribution,
where there is a maximum defect concentration at a particular energy level which exponentially
drops as you move away from that energy level. Highly defective materials can be simulated
through the use of mid-gap states and v-distributed states, both of which are shown in Figure 2.10.
V-distribution defect states have a maximum concentration at band edges, and then exponentially
drop as the energy level moves closer to mid-gap. Meanwhile, mid-gap states simply create an
unchanging concentration of defects around the center of the energy gap. The final way defective
band behavior can be handled in AMPS is through band tails. Band tails are flared out bands;
instead of a single-energy position for EC, if a band tail was present there would be available EC
states over a small range of energies [2-12, 2-13].
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Figure 2.10: Combined V-Defect Distributions and Mid-gap Defect States, where the
Vertical Axis represents Defect Concentrations as a Function of Energy. From Source [213].

As AMPS allows users to input most all information on defects, basic electronic
parameters, and absorption coefficients for each material within a simulation, the only remaining
concern with the program is that it analyzes materials through one dimension only. This means
that any spatial variations, like grain boundaries or defects that form non-uniformly at layer
interfaces, are very difficult to simulate. AMPS simulations are performed in Chapters 4 and 5,
which consider sputtered CdTe solar cells without and with a NiO HT/EBL. Appendix A lists all
material parameters used in these simulations.
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Chapter 3
NiO Grown by Atomic Layer Deposition (ALD)
An effective hole transport/electron blocking layer (HT/EBL) for PV applications must be
chemically stable, be able to preferentially flow holes instead of electrons from an adjacent solar
absorber, and ideally also be transparent to any incident light. Nickel Oxide (NiO) meets all of
these requirements. All attempts at fabricating NiO for PV applications demonstrate an Eg ≥ 3.2
eV and it does not react with typical solar materials [3-1, 3-2, 3-3]. As for preferentially flowing
holes, the NiO bandgap is certainly large enough to block charge carriers from any typical solar
absorber (1.1 eV – 1.5 eV), but ultimately the NiO can only be effective if the band edges of the
other materials (e.g. absorber, electrode) are favorably aligned with the band edges of NiO.
Thankfully, NiO has been shown to match at least moderately well with polymer absorbers [3-1,
3-2, 3-4], and dye-sensitized absorbers [3-3, 3-5, 3-6].
PEDOT: PSS is a typical HTL used in polymer PVs, but it has a very low PH which reduces
device lifetime [3-1, 3-2, 3-4]. Though NiO has not significantly improved these devices, it has
yielded results on par with Polymer PVs utilizing PEDOT:PSS. Dye-sensitized PVs have also
found interesting results using NiO. Tandem dye-sensitized PVs where NiO is used as a HTL have
achieved quantum yields of 96%, meaning that nearly all generated charge carriers were
successfully captured [3-6]. Though its quantum yield is not as high, Perovskite PVs utilizing NiO
have reached efficiencies up to 9.5%, while the tandem dye-sensitized PV previously mentioned
only achieved 2.4% conversion efficiency [3-3, 3-6]. The band diagram for this Perovskite-withNiO can be seen in Figure 3.1. Though none of these devices are achieving efficiencies greater
than the most studied solar cells in their fields, they clearly show that NiO can be useful in solar
applications, and studies should continue with new absorber materials.
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Figure 3.1: Energy Band Diagram of a Perovskite Solar Cell with a NiOx HT/EBL. From
Source [3-3].

Most research work on adding HTLs to solar cells has been focused on polymer absorbers
and dye-sensitized absorbers since these devices have yet to reach comparable efficiencies to
typical industrial absorbers like Si and CdTe. That said, HTLs should be capable of improving
device efficiency for Si and CdTe, and reducing device costs. An effective HTL should only require
a few to dozens of nm, and would prevent unwanted recombination at the hole-collecting contact,
especially in devices with ultrathin absorbers (absorbers which are less than 1 µm thick). As NiO
is a promising HTL, this chapter focuses on developing and characterizing NiO layers which would
be compatible with ultrathin versions of the typical industry PV materials.
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3.1: NiO Fabrication Process
Since only a few nanometers are needed for a continuous HTL to be effective, this is the
thickness-scale for NiO that will be investigated in this thesis. To create a material layer which is
only about 5-10 nanometers thick, researchers must employ a deposition technique capable of
precisely controlling layer thickness and avoiding impurity incorporation. In addition, deposition
surfaces are likely to have a roughness rms value on the order of this thickness, which means that
any deposition technique used here must be extremely conformal. The research papers discussed
in the introduction found that Pulsed Layer Deposition and Atomic Layer Deposition could both
be used to develop films at this thickness [3-1, 3-2, 3-4]. Though both of these techniques are
feasible, Atomic Layer Deposition (ALD) is preferred since it is quite conformal and can grow
layers in a much lower vacuum than Pulsed Laser Deposition, which often requires pressures ~1
µTorr to prevent contamination during thin film growth. Growing conformal layers through ALD
can be a very expensive and time-intensive process, so NiO thickness must be minimized to make
this process economically viable.
ALD is a deposition technique designed to coat monolayers of material over any surface,
regardless of topology. The layout of the ALD system used in these experiments is shown in Figure
3.2. Many commercial ALD systems achieve this through introducing a gaseous precursor to the
sample (a pulse), applying a vacuum to the sample chamber to remove excess precursor (a purge),
pulsing an oxidant to complete growing a monolayer the desired thin film, and then applying
another purge to the deposition chamber. This process is designed to deposit a monolayer of
material, and is considered a full cycle. Each precursor operates on self-limiting growth: once the
precursor has covered a surface it cannot continue upon itself. To ensure proper monolayer
growth with these precursors, the ALD system also requires the substrate to be held at a particular
temperature range, typically around 150-250ºC. Lower temperatures may result in condensation
or low reaction rates, while higher temperatures could cause precursor decomposition or
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Figure 3.2: Simulated Layout of the Cambridge Savannah 200 ALD System.

desorption [3-7]. Lastly, since precursors are heated in separated cylinders and then transferred
to the sample chamber, this chamber only needs to be large enough to hold the required samples.
This allows ALD systems to grow thin films under only a low vacuum (e.g. pressures in the range
of ~760 Torr to ~10mTorr), reducing processing costs and pumping time for users.
In our study for the ALD NiO, commercial glass and Si substrates were used. Glass
substrates were cleaned through sonication at 6oºC in a 1% detergent-to-water solution (AlconoxDI water), rinsed with DI water, and dried with an N2 gun. Silicon substrates were cleaned by
spraying with Acetone (to remove organic compounds from the substrate surface), Isopropyl
Alcohol (to remove Acetone), DI water (to remove IPA), and then drying with an N2 gun to remove
most of the DI water, and a 1 minute dehydration bake at 110ºC to evaporate any remaining DI
water. Both substrates were then loaded into a Savannah 200 Cambridge Nanotech ALD system,
and deposition was performed using pulses of DI water and a Ni amidinate precursor (AccuDEPTM
Ni, Dow Chemical) [3-8].
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This Ni(amd) precursor, nickel bis(N,N’-di-tert-butylacetamidinate), was chosen due to
its excellent step coverage (it can conformally coat trenches with depth-to-width ratios of 50:1),
carbon impurity incorporation <1%, and an ideal deposition temperature range of 160-200ºC [39]. The ALD growth was performed at a process pressure of ≈6oo mTorr, a process temperature
of 200 ºC, and a precursor cylinder temperature of 125 ºC. This cylinder temperature is needed
to ensure that the DI water precursor is in gaseous state. NiO growth is accomplished using the
following recipe: DI water precursor pulse, N2 purge, Ni(amd) precursor pulse, and another N2
purge. The time length of each step is 0.015 s, 15 s, 0.75 s, and 25 s, respectively. Purges in this
recipe use 20 sccm of N2, and are necessary to prevent additional reactions between the precursor
gases before reaching the deposition substrate. The ALD recipe is compiled below in Table 3.1.
The following section details the characterization methods used on the developed ALD NiO, as
well as the material parameters obtained from these measurements.
Temperature
Recipe Step

Material

Time
Chamber

Cylinder

1 – Pulse

DI Water

200ºC

125ºC

0.015 s

2 – Purge

20 sccm N2

200ºC

125ºC

15 s

3 – Pulse

Ni(amd)

200ºC

125ºC

0.75 s

4 - Purge

20 sccm N2

200ºC

125ºC

25 s

Cycle completed, repeat from step 1.
Total cycle# = 1477. Total time = 16 hours, 43 minutes, and 30 seconds. Target NiO
thickness = 30 nm
Table 3.1: ALD recipe used to grow NiO films.
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3.2: NiO Characterization

Figure 3.3: Surface analysis of an ALD NiO sample on a Si substrate through a) FESEM and
b) AFM [3-8].

Thickness and roughness of the NiO films were determined through a Nanospec 8000
Ellipsometer, Zeiss Merlin Field Emission Scanning Electron Microscope (FESEM), Veeco Icon
Peak-Force Atomic Force Microscope (PF-AFM), and Dektak 6M Profilometer.

Surface

topography and roughness measurements for NiO deposited on Si substrates were determined
through the PF-AFM. Data from Figure 3.3b shows a maximum and minimum height variation
of 8.6 nm and -8.9 nm, respectively. The rms roughness was determined to be 1.7 nm for NiO
grown on Si substrates [3-8, 3-10]. NiO films were confirmed to be uniform and conformal
through cross-sectional FESEM imaging, which also gave a thickness estimate of 30 nm. This
thickness was confirmed through the Ellipsometry measurements, and checked again through
Profilometry. Based on these obtained average thickness and variation parameters, and knowing
that the recipe cycle was performed 1477 times, NiO growth in each cycle turns out to be 0.200.45 Å/cycle. Though it is not exactly the same, this deposition rate agrees with Dow Chemical’s
predicted value of 0.43 Å/cycle at 200 ºC for the Ni(amd) precursor [3-9]. This growth rate also

40

Figure 3.4: GIXRD analysis for ALD NiO deposited on a glass substrate at 200 ºC [3-8].

corresponds to the 0.39 Å/cycle obtained from other research groups working with this precursor
[3-4].
As estimated by another study of ALD NiO, the unit cell thickness of a NiO layer deposited
at ~200ºC is 4.195 Å [3-12], which means that this deposition process is yielding significantly less
than an atomic layer in each cycle. Even though ALD uses self-limiting precursors, it can have
thickness variations since it does not deposit on high aspect ratio surfaces in each cycle; this allows
NiO films to develop faster in certain locations. These further developed sections of NiO create
more adsorption sites for gas precursors, continuing to promote NiO film growth in these
preferred locations [3-10, 3-11]. It is also important to note that even though Atomic Layer
Deposition is often thought to deposit a single atomic layer in each cycle, it will instead always
deposit less than 1 layer. Transitional reactions occurring when ALD precursors are chemisorbed
limit the amount of achievable growth per cycle to typically be around 10 – 30% of a single layer
[3-10, 3-11].
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Figure 3.5: GIXRD (with λ = 1.542 Å) Analysis of ALD NiO Films. From Source [3-4].

Crystal structure and orientation of the NiO films were determined through GIXRD
analysis (PANalytical X’pert Pro multipurpose diffractometer) using a 1.54059 Å x-ray wavelength
and scanning through 20 - 80º 2θ rotation. Figure 3.4 demonstrates the GIXRD data obtained
from these tests, which emphasized peaks in the (111), (220), (200) and (311) orientations. The
high-intensity (111) signal and moderate (220) and (200) signals found in these tests agree with
other research work on ALD NiO. This data is shown in Figure 3.5, where the ALD NiO layer was
grown with the same precursor and same substrate temperature [3-4]. (111) and (200) oriented
NiO commonly appear in research on sputtered and ALD thin films [3-4, 3-13, 3-14]. (111) NiO is
a more densely packed plane than (200), which means it has lower surface energy and is therefore
the preferred NiO growth orientation for room temperature deposition. (200) NiO tends to grow
in high temperature (600 K) and high oxygen-atmosphere deposition techniques [3-13]. Figure
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Figure 3.6: GIXRD (with λ = 1.5418 Å) Analysis for Sputtered NiO Films at a) 303 K and b)
673 K with various O2:Ar Process Gas Ratios. From Source [3-13].

3.6 demonstrates this change in preferred crystallographic orientation for sputtered NiO, where
the GIXRD data with 50% O2 atmosphere and a substrate temperature of 673 K (400 C) best
resembles the ALD NiO data [3-13]. Though the (200) orientation is less densely packed, this
orientation yields stoichiometric NiO; room temperature NiO will grow with more Nickel than
Oxygen, which induces Ni2+ ion vacancies [3-13, 3-14]. These Ni2+ vacancies are critical to creating
p-type NiO, so NiO must be grown in (111) orientation to utilize it as a HTL.
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In addition to depositing the NiO films at 200ºC, tests were performed on annealing the
NiO layer on a hot plate at 435ºC to determine if this would decrease resistivity. Though work
from other research groups has shown that at least sputtered NiO should switch to a (220)
orientation at high deposition temperatures, which would significantly increase resistivity, ALD
NiO grown with this Ni(amd) precursor maintained a (111) orientation even after annealing at
435ºC [3-10]. Tests on NiO film resistivity did demonstrate that resistivity decreased with
annealing temperature, but the results were problematic. The resistivity of unannealed and
annealed at 435ºC ALD NiO films was ≈407 kΩ*cm and ≈257 kΩ*cm, respectively [3-10]. For
comparison, the stoichiometric sputtered NiO films in [3-13] reached a resistivity of 14.70 Ω*cm.
These drastically larger resistivity values are very likely errors from using a rough experimental
approach; the resistance of these ALD NiO films was determined using multimeter with probes
spaced apart 2.5 mm. This approach likely either had a large probe resistance, or broke through
the ultra-thin NiO layer. Utilizing a four-point probe would greatly reduce issues from the
multimeter’s probe resistance, but this method could still very easily break through the NiO layer.
Optical

transmittance

of

these

films

was

determined

using

a

UV-Vis-NIR

spectrophotometer (PE Lambda 950). Transmittance was determined for NiO on the glass
substrate for a wavelength range of 300-1300 nm. This data was translated from transmittance
to absorption in the NiO under the assumption that a minimal percentage of the incident
wavelengths were reflected back.

Figure 3.7 demonstrates this data, with the top plot

demonstrating the transmittance difference between annealed and unannealed NiO, and the
bottom plot analyzing absorption to determine the bandgap of NiO grown in these tests.
Annealing may increase conductivity for this ALD NiO, but Figure 3.7a clearly demonstrates that
annealing is also slightly decreasing photon transmittance. Figure 3.7b is using the absorption
data, where percent absorbed is equivalent to (αhν)2, to create a Tauc plot. A Tauc plot allows
users to accurately estimate a material’s energy bandgap; for unannealed NiO, the estimated
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Figure 3.7: Transmittance data from UV-Vis analysis for (a) comparing transmittance with
and without NiO annealing, and (b) estimating the bandgap of NiO [3-8].
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energy band gap is 3.55 eV. This EG value agrees with previous studies on NiO which predict an
energy bandgap around 3.6 - 4.0 eV [3-15].
Overall, the data from these characterization techniques clearly demonstrates that ALD
NiO could be an effective HTL in solar cell applications. An energy bandgap of 3.55 eV is large
enough to block charge carriers and be transparent to visible light (blue light is ~3.1 eV). ALD
NiO grown at 200 ºC or even 400 ºC prefers to form in the (111) crystallographic orientation,
encouraging the formation of Ni2+ vacancies which allows it to be a p-type material. The exact
conductivity of the layers grown in these experiments is uncertain: our data was inconclusive,
while tests on sputtered NiO demonstrated hole concentrations ~1018 atoms/cm3 [3-13], and tests
from other researchers with this precursor estimate ~1013 atoms/cm3 concentrations [3-4].
Though the resistivity of these ALD NiO layers may be higher than desired for hole conduction,
these layers can be grown predictably and conformally with ALD. This process could allow users
to create a NiO layer < 10 nm thick, and ideally avoid issues with low hole conductivity. Chapter
5 looks into what happens when these ALD NiO layers are placed into ultrathin CdTe solar cells,
but before that can be discussed, the ultrathin CdTe solar cells used for these experiments must
be discussed and characterized.
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Chapter 4
Analyzing Sputtered CdTe Photovoltaics through Experimental
Designs and AMPS Simulations
As PV technology becomes more prominent in quenching global energy needs, it will be
critical that material usage is optimized. Current commercial CdTe solar cells use around 3-10
μm of absorber material, since CdTe should be able to absorb over 90% of impinging light at a
thickness of 3 μm [4-1, 4-2]. Developing solar cells with this minimal absorber thickness already
corresponds to a 70% reduction in consumed CdTe relative to a 10 μm device, but this thesis
investigates further reduction of the CdTe absorber layer in an attempt to lower solar cell
manufacturing costs through minimizing the amount of time and material needed. Creating CdTe
PV devices with ultrathin absorber layers In addition, research analyzing the short circuit current
(which is directly dependent on how much light a solar cell absorbs) has demonstrated that
reducing the absorber layer thickness in a CdTe solar cell from 2.1 μm to 0.75 μm only causes a
JSC loss of 0.8 mA/cm2 [4-3, 4-4]. This means that there is a JSC drop of only 3.5% when CdTe
thickness is reduced by 64%. The primary reason CdTe thicknesses have yet to reach 1 μm or less
in industrial applications is the unreliability of ultra-thin film devices; sub-micron layers of CdTe
typically suffer from high levels of Cu diffusion over time, which ruins device performance [4-3].
Only one approach for fabricating sub-micron CdTe absorbers did not demonstrate Cudiffusion over time: sputter deposition. Based on work performed by Dr. Alvin Compaan,
sputtered CdTe cells subjected to Accelerated Life Testing (ALT) for 300h experienced a loss of 210% relative to the initial device efficiency, and did not experience significant changes in their Cuimpurity profiles. This ALT was carried out for unencapsulated devices at VOC biasing, one-sun
Xe-lamp illumination at 85 ± 3ºC, and room-ambient [4-3]. In addition, decreasing the CdTe
absorber layer thickness from 2.1 μm to 0.75 μm changed the device efficiency from 13.3% to
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12.5%, thereby demonstrating a relative efficiency drop of only 6% [4-3, 4-4]. Based on these tests
with sub-micron absorber layers, sputtered CdTe appears to be a fruitful path towards optimizing
ultrathin CdTe commercial devices.

The following chapter of this thesis is dedicated to

investigating how to improve sub-micron sputtered CdTe performance through experimental
devices and theoretical models.

4.1: Sputtered CdTe Fabrication Process
A typical method for depositing a CdTe layer for a commercial production is the CloseSpace Sublimation (CSS) technique. CSS is capable of creating stoichiometric CdTe at a rapid
deposition rate of greater than 10 µm/min. This process is typically carried out with a sourcesublimation temperature around 600ºC, and a substrate temperature around 400ºC [4-1].
Though this process is certainly reliable, it would be completely unsuitable for sub-micron CdTe
photovoltaics. Rapid CdTe deposition would make it very difficult to precisely control the
absorber layer thickness, and the high substrate temperature would become problematic here as
well. In general, CdTe solar cells have a superstrate configuration which sequentially deposits
SnO, FTO, CdS, CdTe, and Cu/Au on a glass substrate. A substrate temperature of 400ºC would
cause significant interdiffusion between CdS and CdTe, as well as even the TCO layer during the
CdTe layer deposition step.
The only deposition process for CdTe which creates stable devices, is industrially scalable,
and can create consistent sub-micron thicknesses is Sputter deposition. As such, the devices
tested in this chapter are all created through sputtering. The control cells were manufactured by
Dr. Compaan’s research group in the University of Toledo, OH; the typical superstrate
architecture was used for each of these devices, adding CdS, CdTe, and Cu/Au layers, respectively
onto commercially available FTO/SnO2 coated glass substrates. Figure 4.1a and b demonstrate
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Figure 4.1: (a) High-Angle Annular Dark-Field (HAADF) image of an experimental CdTe
solar cell from NREL [4-5], (b) illustration of the CdTe superstrate configuration.

the layout of these devices, while the following paragraph details the materials and manufacturing
processes used.
3” x 5.5” x 3.2mm-thick Pilkington TEC-C15 glass with a layer of Fluorine-doped Tin Oxide
(FTO) and a high-resistivity interfacial layer of Tin Oxide is used as the base layer for all devices.
TEC-C15 glass with FTO is useful in solar devices due to high light transmittance (approx. 81%),
low haze (approx. 2%), tolerable sheet resistance (approx. 15 Ω/sq), and negligible concentration
of mobile ions such as Potassium, Sodium, and Indium [4-6]. After a cleaning treatment, 50nm
of CdS is sputtered onto the glass superstrate. Post-CdS sputtering, this device is given a CdCl2
treatment. The CdCl2 is dissolved in methanol, then heated to 387ºC in dry air for an unspecified
time [4-3]. After this first treatment, CdTe is sputter deposited on the CdS layer. A second CdCl2
treatment is performed after the CdTe deposition step: this double CdCl2 treatment is used to
relieve lattice mismatch between the CdS and CdTe layers. The second CdCl2 treatment is
performed for 30 minutes at 387ºC in dry air [4-3]. To complete the cell, 3.8 nm of Cu and 20
nm of Au are used as the back contact metal bilayers, which are annealed for 30 minutes in air to
promote Cu diffusion. Samples with 2 µm CdTe are annealed at 200ºC while samples with 500
nm CdTe are annealed at 150ºC. Shadow masks are used throughout these deposition processes
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to create dot cells with an area of approximately 0.079 cm2, allowing us to receive statistically
robust results. The area of the metal contact defines the cell area for the fabricated CdTe cell. Dr.
Compaan intends for the CdCl2 treatment on CdS and sputter deposition recipes to remain
confidential, so these will not be specified in this thesis.

4.2: Experimental Results of the CdTe Cells
The CdTe thickness for the control cells is grown to be either 500 nm or 2µm, to observe
how J-V parameters change with absorber layer thickness. In general, CdTe devices with thinner
absorber layers are expected to have inferior J-V characteristics, and greater issues with void
defects, Cu diffusion, and S impurities [4-5]. Though all of these concerns are still true for
ultrathin CdTe layers formed through sputter deposition, the stability for these devices is far
higher than with other manufacturing techniques, and the loss in short circuit current, open
circuit voltage, and overall power conversion efficiency (PCE) is far less significant than the
reduction in CdTe material usage [4-3, 4-4].

Table 4.1: Device performance parameters for CdTe control cells.

As seen in Table 4-1, all device performance parameters are significantly better with 2
micron thick CdTe as opposed to 500 nanometer thick CdTe. Short circuit current density is
measured in mA/cm2, open circuit voltage is measured in mV, fill factor is measured as the
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percentage from maximum operating power versus maximum power of this device as an ideal
diode, and photon conversion efficiency is measured in the percent of charge carriers generated
versus incident photons. A photovoltaic device performing ideally should only experience 10-15%
decrease in VOC and JSC between 2 µm and 500 nm [4-3, 4-4], but here we see significantly higher
performance degradation in VOC, as well as a large decrease in in FF and PCE. This deviation from
expected performance is likely caused by non-idealities discussed in the previous paragraph:
increased influence from S impurities, Cu impurities, and vacancies from sputter deposition.
Figure 4.2 demonstrates a rough example of an ideal CdTe solar cell energy band diagram
at zero voltage bias (short circuit) and maximum voltage biasing (open circuit). Light enters these
devices at the left side, where the transparent conductive oxide has been placed, and light is ideally
reflected back through the CdTe absorber layer by the metal back contact located at the right side.
Figure 4.2a clearly demonstrates that this band structure is going to promote charge carrier
separation. The discontinuity between the valence band of CdS and CdTe will block holes from
traveling to the front contact (TCO contact), and the band bending within the CdTe layer will
generate an electric field which sweeps holes towards the back contact (metal contact). This same
electric field will sweep free electrons in the CdTe conduction band towards the CdS and SnO:F
(Fluorine-doped Tin Oxide) layers. A CdTe solar cell should have this energy band structure to
operate efficiently, but often unwanted band bending, material interfaces, and Fermi-pinning will
prevent these preferential flows of photo-generated carriers.
Though band bending can occur in any layer of a solar cell, the location where it is most
beneficial is within the absorber layer. Charge carriers will recombine if they spend too much
time diffusing through the solar cell, so it is critical to use band bending to “sweep” them towards
the appropriate contact immediately after they are absorbed [4-7]. Another major concern with
these idealized band diagrams is that the material interfaces are not discrete: for instance, CdTe
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Figure 4.2: Band Diagrams and diagrams of CdTe solar cells at short circuit (a) and open
circuit (b) voltage biasing. Originally from [4-3].

and CdS have a 5% lattice mismatch, so these material layers relieve this strain by diffusing into
each other [4-1, 4-5]. This interface is not of great concern to thick (≈10 µm or larger) CdTe layers
since it only extends for a couple of nm, but defects can easily aggregate at this area, which can
become a serious concern for sub-micron CdTe layers [4-5].
Fermi-level pinning is also a serious concern which occurs between non-ideally matched
semiconductors and metals. Since the charge carrier density in a metal is vastly greater than the
charge carrier density in a semiconductor, the Fermi-level of the semiconductor becomes pinned
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to the Fermi-level of the metal layer, which makes it critical that the proper metal back contact is
chosen for each solar cell. Concerns with Fermi-level pinning are further discussed in section 4.3.
To accurately predict what will happen in these CdTe devices, it is important to understand the
Fermi level of CdTe, which is dictated but the CdTe doping concentration, and the work function
of the metal back contact, which can change based on crystallographic orientation. Section 4.3
uses AMPS modeling to investigate these parameters.

4.3: CdTe Simulation Results
Solar cell simulations were performed using Analysis of Microelectronic and Photonic
Structures (AMPS), which can be used to create one-dimensional solar cell simulations for
predicting device performance under various operation temperatures, voltage biasing, and
external illumination [4-8]. All simulations on AMPS are performed with either density of states
calculations (Fermi statistics) or an average charge-carrier recombination lifetime model; density
of states modelling was used for this thesis as it yields more accurate results, though the
simulations take longer to run. Since each device layer in an AMPS simulation could have up to
30 variables, without counting absorption parameters, CdTe AMPS simulations created by Alan
Fahrenbruch were adapted as a baseline for absorption parameters [4-9] and material parameters
[4-10]. These parameters are detailed in Appendix A.
To account for light loss due to reflectance at the front contact and transmittance at the
back metal contact of the solar cell, reflectance in these simulations was set to 10% at the front
and 80% at the back. The only parameters varied in these simulations were the acceptor doping
concentration (NA) in CdTe layers, and the metal back contact work function (χ).

CdTe

researchers do not have a consensus on what doping concentration appears in these absorber
layers: some experimentally oriented researchers argue that CdTe doping saturates at a maximum
of 1015 atoms/cm3 due to carrier compensation typical to II-VI materials [4-11], while theoretical
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researchers typically argue that CdTe photovoltaic technology has long surpassed this issue, and
can support doping concentrations around 5*1016 /cm3 [4-12]. To determine approximately what

Table 4.2: Comparison of CdTe experimental (“Control”) and simulation parameters,
varying only CdTe doping concentration NA.

doping concentration is present in these sputtered CdTe solar cells, a short experiment was
conducted using AMPS where the only parameter varied in CdTe simulations was the absorber
layer doping concentration. J-V characteristics can be observed in Table 4.2, and energy band
diagrams can be observed in Figure 4.3 and 4.4. In Table 4.2, the “Control” column refers to the
experimental CdTe J-V parameters obtained previously, while the “Acceptor Doping
Concentration” columns are simulation results.
A couple interesting results can be observed through Table 4.2: 500 nm CdTe simulations
do not correlate with experimental results, 2 µm CdTe simulations do correlate with experimental
results, and simulated CdTe performance for NA = 1014 cm-3 yields near identical JSC and FF to the
experimental device. Based on the results from simulating 2 µm thick CdTe, further experiments
at both 500 nm and 2 µm in this thesis will treat NA = 1014 cm-3 as a constant. Figure 4.3 and 4.4
display the band diagram for these CdTe solar cells at zero voltage bias, where the black, blue, and
orange lines are the conduction band, the red line is the Fermi level, and the lime green, lavender,
and sky blue lines are the valence band. These lines respectively correspond to CdTe acceptor
doping concentrations of 1*1014 (black & lime green), 1*1015 (blue & lavender), and 5*1015 (orange
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Figure 4.3: Short-Circuit band diagrams of the 500 nm CdTe baseline simulations for
acceptor doping concentrations of 1*10 14 cm-3, 1*1015 cm-3, and 5*1015 cm-3.
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Figure 4.4: Short-Circuit band diagrams of the 2 µm CdTe baseline simulations for
acceptor doping concentrations of 1*10 14 cm-3, 1*1015 cm-3, and 5*1015 cm-3.
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& sky blue) atoms/cm3 Light enters this band structure from the left for each of these figures, as
this is where the TCO layer is located, and the right edge of the band diagram would be attached
to a metal contact. It is clear that this band diagram would promote charge carrier separation,
but there are a couple concerns with this design as well. Ideally the band structure for this device
would be FTO/SnO/CdS/CdTe/Cu/Au, but unfortunately using a glass superstrate coated with
FTO implies that there must also be a SnO interfacial layer between the glass and FTO, so this
slight irregularity in the band diagram is necessary. The conduction band discontinuity between
SnO and FTO is only ≈0.2 eV, so this should not be a major concern for electron transportation.
Also, even though the valence band structure between SnO and FTO would encourage hole
transportation to the front (left) contact, the band gaps of these materials are large enough to
prevent hole generation, and the ≈3.4 eV valence band jump between CdTe (where holes would
be generated) and FTO will prevent hole diffusion.
The other major issue present in the band diagrams shown here is the direction of band
bending in the CdTe layer. The best scenario for band bending in a CdTe solar cell would have
the CdTe valence band at the back contact closer to the Fermi energy level than the CdTe valence
band at the CdS/CdTe interface, which would imply that an electric field guides holes out of the
CdTe layer [4-7]. Though that “helpful” band bending may appear in these band diagrams if CdTe
defects were fully considered for these simulations, it is not likely to appear since the metal back
contact used in a CdTe solar cell will likely pin the Fermi level to be further from the CdTe valence
band than desired. Very few industrially viable metals have a work function great enough to
interface with p-type CdTe. Au in its (100) crystallographic orientation has a work function of
5.47 eV, and p-type CdTe has a band gap of 1.5 eV and an electron affinity of 4.4 eV, which means
that Au will pin the Fermi level of p-type CdTe ≈0.4 eV above its valence band edge [4-1, 4-2].
As can be seen in Figure 4.3 and 4.4, increasing the doping concentration in the CdTe layer
concentrates the unwanted band bending from the metal back contact.

At lower doping
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concentrations, unwanted band bending occurs throughout the CdTe layer, but as this doping is
increased, all the bending occurs near the back contact. This demonstrates that higher doping
concentrations allow CdTe to resist unwanted energy band bending due to Fermi-pinning.
Concentrating the unwanted band bending seems to significantly increase VOC in these devices,
but considering that the lower doping concentration simulations match experimental results best,
it is likely that this undesired band bending is occurring throughout CdTe layers in the
experimental devices.
As thicker CdTe layers are not strongly influenced by Cu and S defects, and the baseline
AMPS simulations used in this test do not consider Cu and S defects, it is reasonable to conclude
that the AMPS simulations should resemble the 2 µm experimental cell more than the 500 nm
cell. The same amount of Cu and CdS are used in these devices whether the CdTe absorber layer
is 500 nm or 2 µm. From a mirrored perspective, since the simulation performance for 500 nm
CdTe differs significantly from the experimental cell, this strengthens the argument that 500 nm
sputtered CdTe cells are significantly hindered by defects.

Table 4.3: 500 nm CdTe simulation J-V parameters with various metal work functions.

Since metal back contacts can have multiple work functions based on their crystal
orientations, J-V performance under various metals and crystal orientations was investigated,
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while holding the acceptor concentration in CdTe constant at 1014 cm-3. The previous tests on
varying the acceptor concentration in CdTe kept the metal back contact work function constant at
5.47 eV. These metal work function simulations are summarized in Table 4.3 and 4.4, as well as
Figure 4.5 and 4.6. Work function values were taken from the 2015 Handbook of Chemistry and
Physics [4-11]. Both Au and Cu were tested to observe which metal directly influences the device
energy band structure. The tested Au crystal orientations were (100), (110), and (111). The tested
Cu crystal orientations were (100), (110), (111), and (112). Table 4.3 and 4.4 demonstrates that Au
with a (100) orientation will give the best device performance, which is expected as this has the
closest-to-ideal work function of 5.9 eV. A metal with a 5.9 eV work function would exactly match
energy levels with the CdTe valence band.

Table 4.4: 2 µm CdTe simulation J-V parameters with various metal work functions.

Data for Cu’s (110), (111), and (112) orientations is not included in Tables 4.3 and 4.4
because these back contacts could not be simulated in AMPS. This is happening because the work
functions of Cu are too low to properly interface with p-type CdTe; the highest Cu work function
will still be 0.8 eV above the CdTe valence band edge. Only Cu (100), which has a work function
of 5.10 eV could be simulated in AMPS; all of the other Cu orientations have work functions <5
eV, which breaks the AMPS simulation. Figure 4.5b demonstrates that the (100) Cu back contact

61
creates band bending in the CdTe layer that would strongly discourage photovoltaic action. Using
a Cu back contact encourages electrons to leave from both the front and back contacts, while holes
are swept towards the CdS/CdTe interface, which implies that the device ceases to be a solar cell.
Since CdTe-Cu devices are not behaving as solar cells, AMPS is unable to run them.
Tests on both 500 nm and 2 µm CdTe verify that Au is acting as the metal back contact in
these systems, while Cu is diffusing into the absorber layer and forming interfacial layers.
Interestingly though, the 500 nm and 2 µm simulations fail at different work functions: the 500
nm CdTe simulation could complete for (100) Cu, while the 2 µm simulation could not complete
a single run with a Cu back contact. Why this occurs is unknown, but the best guess would have
to be that hole diffusion current, which is independent of the electric field, is more significant in
the thinner CdTe simulations. This thinner CdTe layer makes it easier for holes to diffuse to the
back contact, even though a strong opposing electric field is present.
To improve ultra-thin sputtered CdTe cells, researchers will need to determine what the
primary cause of performance loss is at this thickness range. In addition to assisting with charge
carrier separation, placing a HTL between the CdTe layer and metal back contact may be fruitful
in determining this cause. Using an HTL at this junction would hinder Cu diffusion into the CdTe
layer, but it will also prevent electrons from recombining with holes at the back contact. Given
the fortuitous valence band alignment between CdTe and NiO, and that NiO has a band gap large
enough to likely avoid parasitic light absorption, the following chapter of this thesis investigates
the potential of NiO as an HTL in CdTe solar cells.
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Figure 4.5: Short-Circuit band diagrams of the 500 nm CdTe baseline simulations for back
contact work functions of (100) Au (a) and (100) Cu (b).
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Figure 4.6: Short-Circuit band diagrams of the 2 µm CdTe baseline simulations for metal
back contact work functions of (100) Au (a) and (111) Au (b).
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Chapter 5
Analyzing Sputtered CdTe Solar Cells with a NiO HT/EBL

Figure 5.1: Energy Band Diagram of a CdTe Solar Cell with NiO. From Source [5-2].

CdTe has an electron affinity of 4.4 eV and an energy bandgap of 1.5 eV, while NiO has an
electron affinity of 2.0 eV and a bandgap of 3.55 eV [5-1]. This means that the material interface
between CdTe and NiO will see a conduction band “barrier” of 2.6 eV, and a valence band “drop”
of 0.35 eV. An illustration of this energy band structure is shown in Figure 5.1 [5-2]. Though this
band alignment is not perfect, as the valence band misalignment between CdTe and NiO may
contribute to Fermi-level pinning, NiO is the closest-to-ideal material to use as an HT/EBL here.
The only materials which could provide a better band edge alignment at the valence band interface
with CdTe would be TPD and Triphenylene, but both have smaller bandgaps than NiO, implying
a greater chance of parasitic absorption [5-1]. Even with ideal band matching to CdTe, an HTL
can still be problematic due to blocking Cu diffusion into the material system. Cu diffusion is
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known to improve the performance of CdTe solar cells, so using a thick HTL layer may ultimately
decrease performance of the devices even as it decreases charge carrier recombination. Our
solution to this concern is to create a NiO layer with a maximum thickness of only about 10 nm.
A minimum thickness of 2 nm is needed to avoid significant electron tunneling.
Fabrication work was split between research groups: CdTe fabrication was performed by
Dr. Compaan’s research group and is the same as the process discussed in chapter 4.1, while NiO
fabrication was handled by us and is the same as the process discussed in 3.1. The fabrication
process is discussed below, and outlined in Figure 3.2. 3” x 5.5” x 3.2mm-thick Pilkington TECC15 glass with a layer of Fluorine-doped Tin Oxide (FTO) and a high-resistivity interfacial layer
of Tin Oxide is used as the base layer for all devices. TEC-C15 glass with FTO is useful in solar
devices due to high light transmittance (approx. 81%), low haze (approx. 2%), tolerable sheet
resistance (approx. 15 Ω/sq), and negligible concentration of mobile ions such as Potassium,
Sodium, and Indium [5-3]. After a cleaning treatment, 50nm of CdS is sputtered onto the glass
superstrate. Post-CdS sputtering, this device is given a CdCl2 treatment. The CdCl2 is dissolved
in methanol, then heated to 387ºC in dry air for an unspecified time [5-4]. After this first
treatment, CdTe is sputter deposited on the CdS layer. A second CdCl2 treatment is performed
after the CdTe deposition step: this double CdCl2 treatment is used to relieve lattice mismatch
between the CdS and CdTe layers. The second CdCl2 treatment is performed for 30 minutes at
387ºC in dry air [5-4]. Dr. Compaan intends for the CdCl2 treatment on CdS and sputter
deposition recipes to remain confidential, so these will not be specified in this thesis.
After the CdTe growth process is completed, the cells were given to our research group to
deposit NiO. The NiO deposition is carried out with a Savannah 200 Cambridge Nanotech ALD,
utilizing alternating pulses of water and a Ni amidinate precursor (AccuDEPTM Ni, Dow Chemical)
[5-2]. The ALD NiO process operates with a substrate temperature of 200ºC, and is used to
deposit a thickness of 3.5 nm or 11 nm. To improve NiO conductivity, some samples were also
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Figure 5.2: Outline of the CdTe with NiO Fabrication Process.

annealed at 435ºC [5-2]. Samples are then sent back to Dr. Compaan’s research group, where 3.8
nm of Cu and 20 nm of Au are sputter-deposited as the back contact metal bilayers, which are
annealed for 30 minutes in air to promote Cu diffusion. Samples with 2 µm CdTe are annealed at
200ºC while samples with 500 nm CdTe are annealed at 150ºC. Shadow masks are used
throughout these deposition processes to create dot cells with an area of approximately 0.079 cm2,
allowing us to receive statistically robust results. The area of the metal contact defines the cell
area for the fabricated CdTe cell.

5.1: Sputtered CdTe-NiO Experimental Results
These experimental cells were created with 3 variables in mind: effects on device
performance with various thicknesses of NiO, effects with various thicknesses of the CdTe
absorber layer, and with a NiO anneal performed at 435ºC for 5 minutes. 4 Pilkington TEC-C15
glass slides were cut in half for these tests: 2 full slides of 2 µm thick CdTe, and 2 full slides of 500
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nm thick CdTe. One slide of each CdTe thickness then received either 3.5 nm of NiO or 11 nm
NiO, and a half from each of these slides was annealed at 435ºC. After the NiO depositions, Cu/Au
was deposited as discussed in section 4.1. The 2 µm CdTe yielded 43-63 testable samples, while
the 500 nm CdTe yielded 17-31 testable samples. Results from this experimental study can be
seen in Table 5.1 and 5.2, where the column for “control” device performance comes from the
CdTe solar cells without any NiO which were discussed in chapter 4. Sample statistics for
measured JSC are demonstrated in Figure 5.3. Additional charts on device statistics are included
in Appendix B.

Table 5.1: 500 nm thick CdTe device performance with a NiO HTL

Table 5.2: 2 µm thick CdTe device performance with a NiO HTL.
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Samples with annealed NiO were explored since our studies on NiO demonstrated that
annealing at 435ºC lowered electrical resistivity from ≈407 kΩ*cm to ≈257 kΩ*cm. Upon
comparing the data for annealed and un-annealed NiO-CdTe devices, it is clear that the NiO
annealing process deteriorates device performance. The best case for annealed NiO only yields a
PCE of 3.29% (the fourth column in table 5.2), while the other variations do not even reach 1%.
Although the 435ºC anneal will improve the electrical properties of NiO, this temperature is
higher than the deposition temperature for any of the solar cell layers, and is very likely causing
these layers to diffuse into each other. CdTe device performance is also reduced for thicker layers
of NiO. In Table 5.1, there is a clear decrease in all four listed device performance parameters as
NiO thickness is increased from 3.5 nm to 11 nm, while in Table 5.2 there is a slight decrease to
the overall PCE. A cursory look a Table 4.1 reveals that 3.5 nm NiO is capable of improving device
PCE by 15% in a 500 nm CdTe device, but interestingly enough the same trend is not observed for
2 µm devices in Table 5.2. Since the deposition process for NiO in the 500 nm and 2 µm CdTe
solar cells was identical, these results imply that the material structure must be quite different for
these different absorber thicknesses.
Figure 5.3a demonstrates that the JSC measured for the 500 nm CdTe samples with a NiO
anneal was very unstable. This extreme variation was also noticed for annealed (referred to as
“BAKE” in Figure 5.3) samples in series resistance measurements, but the trend does not show up
strongly for other parameters in the 500 nm CdTe samples. Figure 5.3b shows strong variation
in unannealed samples for 2 µm CdTe, but not within the first through third quartiles of obtained
JSC values.

The 2 µm CdTe experimental parameters typically show greater variation for

unannealed samples than for the annealed sample, the opposite trend as the 500 nm samples. It
is crucial to also note that almost all of the 2 µm parameters are more stable than their 500 nm
counterparts though, which implies that the significance of a NiO anneal is based on absorber
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Figure 5.3: Variation of VOC for experimental devices with 500 nm CdTe (a) and 2 µm CdTe
(b).
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thickness. These results continue to support the idea that a 435ºC anneal is causing layers to
diffuse into each other, which can seriously hinder absorption in an ultrathin CdTe layer.
The most probable reasons for the 500 nm CdTe and 2 µm CdTe performance differences
are as follows: the depletion width of 500 nm CdTe is far more significant than the 2 µm CdTe,
and the defect concentration in 500 nm CdTe is more significant than in 2 µm CdTe. In the thicker
CdTe, the NiO layer may be causing charges along the valence band to migrate away from the back
contact, while in ultrathin CdTe, the depletion region formed between CdS and CdTe may be large
enough to overcome the slight misalignment between the NiO and CdTe layers, or at least the
CdTe layer is thin enough to avoid additional losses from Fermi-level pinning.

Defect

concentration could also be a major factor in changing CdTe device performance since the CdS
layer has the same thickness regardless of the CdTe thickness; since Sulfur tends to diffuse
throughout the CdTe absorber during the CdCl2 treatment, and the CdS layer thickness is held
constant, the concentration of Sulfur impurities in 500 nm CdTe is certainly greater than the
concentration in 2 µm CdTe. Reduced Cu diffusion through the NiO layer is likely not a primary
cause for these device performance changes since there is no discernable reason that it would lead
to a more efficient 500 nm device and a significantly less efficient 2 µm device. Still, since Cu
diffusion is considered important to improving CdTe device performance, it is critical to
understand how NiO is altering this.
Another set of CdTe-NiO devices were created to test how changing the metal back contact
changes device performance. The metal back contacts tested were Cu/Au, Au, and annealed Au;
the results of these tests are compared to a control case without NiO, and are detailed in Table
5.3a-d. Cu/Au results are the same as Tables 5.1 and 5.2, and the only difference between Au and
annealed Au is that the latter went through identical annealing steps as the Cu/Au contact for 500
nm and 2 µm CdTe. Overall, the results of these tables demonstrate that either NiO with Cu/Au,
or no NiO yields the best solar cell, but there is some interesting information to be gathered from
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Table 5.3: Performance Parameters from Metal Contact Tests for a) 500 nm CdTe with 3.5
nm NiO, b) 500 nm CdTe with 11 nm NiO, c) 2.0 um CdTe with 3.5 nm NiO, and d) 2.0 um
CdTe with 11 nm NiO.
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these tests. If NiO is acting as a diffusion barrier to Cu, then the performance parameters for Au
and annealed Au should be far better. Cu is only included in the fabrication process to assist with
defects in the CdTe layer, it would actually be a very poor choice for a metal back contact in a CdTe
solar cell due to a large work function mismatch between the Cu and the valence band edge of
CdTe. This issue is illustrated further by simulations on various Cu and Au work functions
performed in chapter 4.3. In Tables 5.3a, b, and d, the performance of Au with NiO is significantly
worse than Cu/Au with NiO. In 5.3c, though Au performs better than Cu/Au, annealed Au still
performs on par with Cu/Au. Based on these results, there is no evidence that 3.5 nm or 11 nm
NiO is acting as a Cu diffusion barrier in these CdTe devices. Experiments on CdTe devices with
different Cu diffusion times did not yield consistent results with the rest of these experiments, and
are detailed in Appendix B.

5.2: CdTe-NiO Simulations
To acquire a more accurate picture of what is occurring within the experimental CdTe solar
cells, the simulations used in section 4.3 were applied here with a NiO layer added to the structure.
Parameters for the NiO simulation were adapted from our experimental results summarized in
chapter 3, and also reported in NiO literature [5-2, 5-5, 5-6, 5-7]. No doping concentration was
used for the simulated NiO layer, simulation work demonstrated that this had no substantial effect
on the band diagram or device performance. In addition, no significant defects were placed within
the NiO layer, as the ALD process would not generate NiO defects, and there is not sufficient data
to guess how defects migrate into the NiO layer after the Cu diffusion step. Table 5.4 shows
performance parameters of experimental CdTe-NiO cells compared with those simulated with
AMPS.
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Table 5.4: Device performance for experimental NiO devices and AMPS simulation NiO
devices.

As expected, all devices from AMPS simulations perform better than the experimental
cells, but interestingly the 2 µm CdTe-NiO simulations still see a drop in fill factor versus the 500
nm CdTe simulations. As these simulations do not consider defect concentrations, this implies
that the Fermi-level pinning in NiO can adversely affect device performance, which will occur due
to both unwanted differences in Fermi energy between the CdTe and NiO, and due to differences
between the NiO Fermi level and metal back contact work function. This impact must not be quite
as strong as the impact from defects within the CdTe layer though, because CdTe-NiO simulations
all still perform better than their baseline counterparts. The 500 nm and 2 µm CdTe-NiO
simulations can be observed in Figures 5.4a and b, respectively. Defects in the CdTe layer, or
defect interfaces created with the NiO, are likely causing further performance degradation
unaccounted for in these simulations.
Table 5.5 performs a comparison between the CdTe-NiO simulations and the Baseline
CdTe simulations, which do clearly demonstrate that NiO would be a useful HTL for these solar
cells. All NiO simulations demonstrated VOC values approaching or surpassing 1V, while the PCE
was improved by ~6% in 500 nm CdTe and 1% in 2 µm CdTe. JSC does not notably change with
the addition of NiO in these simulations, but that is expected. JSC should only depend on the light-
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Figure 5.4: Short-Circuit band diagrams of the defect-free CdTe-NiO simulations for 11 nm
NiO, with 500 nm (a) and 2 µm (b) CdTe thicknesses.
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Table 5.5: Comparison of Performance Parameters in CdTe Simulations with NiO and
without NiO.

absorbing abilities of each layer, and since these simulations assume that NiO is defect free,
contains an energy gap greater than the visible wavelengths of light, and does not create an
interfacial layer with the defects in CdTe, there could not be a significant change in J SC. The FF
drop in 2 µm simulations is likely due to Fermi-pinning as discussed above, but without
understanding and implementing CdTe defects into these simulations, this cannot be determined.
Overall, these experiments and simulations make a strong case for NiO as a HTL in
ultrathin CdTe solar cells. Experimental work shows that 3.5 nm NiO can at least enhance 500
nm CdTe layers, and does not act as a diffusion barrier to Cu. Simulation results show that CdTeNiO performs better than CdTe without a HTL at both 500 nm and 2 µm, and demonstrates that
3.5 nm NiO is a better choice than 11 nm NiO. This is because of the high resistivity of the NiO
layer; thicker NiO will encourage more charge carrier recombination. The simulations especially
emphasize the value of NiO in 500 nm CdTe: as the simulated PCE reaches ~17.7%, and is already
close to the value of 18.6% that industrial CdTe modules have achieved, and modestly close to the
record efficiency of 21% achieved by research CdTe modules [5-8]. Though it is too idealistic to
assume that an experimental cell could reach the same efficiency as a simulation without layer
and interfacial defects, it at least demonstrates that CdTe with a NiO HTL could be improved from
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the early experimental results, and possibly create a new low-cost approach to making industrial
CdTe solar cells.

5.3: Limitations of AMPS – Simulating 2-D Parameters in a 1-D Environment
AMPS simulation software is excellent for obtaining an idealized view of any photovoltaic
device, but refining that simulation to reflect a real device can be problematic. As AMPS treats
devices as one-dimensional objects, it is capable of modeling various defects (discrete energy and
Gaussian energy defects) and band tails accurately, but it cannot model many of the structural
variations which occur in a CdTe device. Growing CdTe through sputter deposition is going to
result in a polycrystalline material with many defect clusters (this is often referred to as ‘voids’ in
a material, but ‘defect clusters’ is a less ambiguous description). These grain boundaries and
defect clusters are going to alter charge carrier travel paths, and likely act as recombination
centers as well. Due to these effects, device performance of an actual sputtered CdTe solar cell
must be lower than the equivalent AMPS simulation.
It is possible to approximate grain boundaries and defect clusters in an AMPS simulation,
but it is very difficult, and would likely destroy the device performance. To properly simulate what
occurs at a grain boundary, it would be necessary to understand how material bonding changes
here, and how the defect concentrations differ from bulk material. For a defect cluster, the best
approach would be to greatly increase the defect concentration over a couple nm in the bulk
material. Creating a separate material layer for the defect cluster would ruin device performance
in AMPS, as charge carriers must travel through the defect cluster in a one-dimensional system,
and the change in band gap and electron affinity in this cluster would adversely change the
system’s band structure and lead to severe charge carrier recombination. Creating a high defect
concentration layer within a bulk material will also reduce device performance, but these effects
should be far more realistic than creating a new material layer comprised solely of the defect
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cluster. Without more experimental data from characterizing full devices and individual material
layers, obtaining very accurate CdTe-NiO simulations would be extremely difficult.
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Chapter 6
Future Work

6.1: Refining Defects within the CdTe Layer
To further analyze CdTe solar cells, an extensive understanding of defect formations
within these layers is critical. In general, a CdTe solar cell layer will suffer from excess Tellurium,
significant Sulfur impurities in the last 100 nm before reaching the back contact, as well as
Chlorine and Oxygen defects. When considering purely sputtered CdTe solar cells, it also becomes
crucial to consider defect clusters (i.e. voids in a material layer), CdTe-CdS interdiffusion, and
multiple types of Copper impurities [6-1]. Images of these defect structures can be seen in Figure
6.1 below, which is from an NREL report on sputtered CdTe PV. The most notable Cu defects on
device performance would have to be bulk defects throughout the CdTe layer, the high Cu-defect
interface formed at the CdS-CdTe junction, and the couple monolayers thick Cu1.4Te layer formed
at back contacts [6-2]. Though all of these defects contribute to painting a realistic picture of
CdTe device performance, this subchapter focuses on understanding and simulating the
performance of Cu defects.
Attempts at developing simulations of interdiffused CdTe-CdS layers have already been
completed, but this both does not significantly impact simulation performance, and there is not
enough data to accurately design defects into this layer without already understanding defect
concentrations in the surrounding layers. Cu defects within bulk CdTe have already been wellcharacterized, so defect simulations should start at this point [6-3, 6-4]. Work by Charles Warren
et. al. determined optical Cu defects within CdTe at EV + 0.3 eV through photo-induced current
spectroscopy, and a Gaussian Cu defect distribution at Ev + 0.9 eV, as well as various thermal Cu
defect energy levels [6-4, 6-10]. Work by Naba Paudel et. al. determined the concentration of Cu
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Figure 6.1: HAADF and EDS analysis of defects in sputtered CdTe solar cells manufactured
at NREL [6-1].

in sputtered CdTe solar cells by creating a SIMS depth profile [6-3]. Together, these Cu defect
analyses should be enough to design accurate simulations of the solar cells designed in Chapter 4.
Unfortunately, the simulations created from these research papers have not been
promising; simulations created so far demonstrated PCE values below 10%. It is possible that the
Cu defect profile obtained from Paudel’s work is incorrect, but the more probable option is that
more information is necessary to determine what percentage of Cu occupies each type of defect
(energy level, optical or thermal, etc.). Once Cu defects are properly simulated, this can pave the
way for determining what interface NiO layers create in CdTe solar cells (CdTe-NiO, CdTe-CuONiO).
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6.2: Simulating Nanodome CdTe in HFSS
In addition to using hole-transport / electron-blocking layers for CdTe, another method
for increasing device performance could be to increase light trapping through the use of textured
device architectures. Randomized texturing will typically stop light from leaving a PV device,
which can be especially useful for ultrathin absorber layers where light has a significant
probability of escaping the device before it is absorbed. To take this a step further, by creating
periodic nanostructures in a back contact and then growing the rest of the device on top of this,
you can texture the device’s front contact as well as improve charge carrier collection. This design,
called Light and Charge-carrier Collection Management (LCCM) is demonstrated in Figure 6.2b
[6-9]. LCCM designs on the back contact will decouple the absorber thickness needed to collect
incident light from the distance charge carriers need to travel to be collected by metal contacts.
This implies that a thinner LCCM absorber layer has the potential to operate with greater
efficiency than a thicker planar absorber layer.

Designing a thin-film device with LCCM

architecture can be hazardous though; extreme topographical changes may cause non-uniform
layer deposition, or even cracks [6-5, 6-6, 6-7].
Since it is expensive to manufacture complete PV devices, LCCM structures should be
applied to CdTe in simulations beforehand. Using ANSYS High Frequency Structural Simulator
(HFSS), it is possible to create 3-D simulations of solar cell devices which can predict the
absorption, and as such predict JSC. HFSS simulations were designed as shown in Figure 6.2,
where the layers from top-to-bottom are as follows: AZO, ZnO CdS, CdTe, and Au. To keep
comparisons between planar and LCCM structures as accurate as possible, planar devices are
given an effective CdTe thickness determined by dividing the volume by the surface area of LCCM
CdTe. Optimal size and shape of the LCCM nanostructure has already been determined in
previous work by Charles Smith [6-8]. Results of this experiment are shown below in Table 6.1
[6-9].

83

Figure 6.2: Planar (Left) and LCCM (Right) structures of CdTe solar cells [6-9].

Table 6.1: Simulated JSC for Planar and LCCM CdTe device architectures [6-9].

Using LCCM architectures gave a 14.1% increase in JSC to 250 nm CdTe, and still
demonstrated greater JSC than planar CdTe layers 3-4 times thicker. While manufacturing 250
nm CdTe layers is rather difficult, 500 nm CdTe is much more feasible, and LCCM structures at
this thickness demonstrate a 10.4 % improvement in JSC over equivalent planar designs. With this
information known, future tests will have to be performed with different TCO layers and metal
back contacts in HFSS, and then simulations which can determine VOC, FF, and PCE must be
completed.
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AMPS would certainly obtain the device parameters missing from these experiments, but
there is one obvious concern: these devices involve 3-D architectures, while AMPS can only
simulate in 1-D. LCCM structures are designed to improve device performance by increasing
absorption, so if the absorption increase is already determined through HFSS, then this new data
can be applied to a simulation in AMPS. The intensity of impinging light can be ramped up using
AMPS to improve JSC, which should converge with the expected JSC from HFSS. Once the light
intensity is determined, the remaining solar cell performance parameters can be determined, and
the simulation can also be adjusted to incorporate further defects and device configurations.
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Appendix A

Material Parameters Used for AMPS Simulations
AMPS Simulation Parameters are listed A.1 & A.2. The abbreviations used are identical
to what would be seen in AMPS, but these abbreviations are not standard. Explanations for
these abbreviations are catalogued below.

Parameters for the top and bottom contacts:


PHIBO -> EC – EF at the front contact (typically determined by the difference between
the top contact work function and the top material layer’s electron affinity.



PHIBL -> EC – EF at the back contact (typically determined by the difference between the
bottom contact work function and the bottom material layer’s electron affinity.



SNO -> Electron recombination speed at the top contact.



SPO -> Hole recombination speed at the top contact.



SNL -> Electron recombination speed at the bottom contact.



SPL -> Hole recombination speed at the bottom contact.



RF -> Reflection coefficient at the front contact (fraction of light reflected instead of
transmitted).



RB -> Reflection coefficient at the back contact (fraction of light reflected instead of
transmitted).

General electronic parameters for a material layer:


EPS -> Relative Permittivity of the material layer.



MUN -> Electron mobility µN.
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MUP -> Hole mobility µP.



NA -> Density of p-type (acceptor) doping atoms.



ND -> Density of n-type (donor) doping atoms.



EG -> Electronic bandgap EG.



NC -> Effective density of states NC in the conduction band.



NV -> Effective density of states NV in the valence band.



CHI -> Electron affinity χ.

Band tail parameters for a material layer:


ED -> Characteristic energy ED for donor-like band tails.



GDO -> Prefactor in equation: 𝑔𝑑 = 𝐺𝑑0 exp (



TSIG / ND -> Capture cross section for electrons in donor tail states.



TSIG / PD -> Capture cross section for holes in donor tail states.



EA -> Characteristic energy EA for acceptor-like tails.



GAO -> Prefactor in equation: 𝑔𝑎 = 𝐺𝑎0 exp (



TSIG / NA -> Capture cross section for electrons in acceptor tail states.



TSIG / PA -> Capture cross section for holes in acceptor tail states.

𝐸−𝐸𝑉
)
𝐸𝐷

𝐸−𝐸𝑉
)
𝐸𝐴

Gaussian* defect distribution parameters:


[#N, #P] -> Number of defects considered (1, 2 would mean there is 1 donor defect and 2
acceptor defects.



N [P] -> Current donor, or acceptor, defect being described.



ND[A]G -> Gaussian donor defect density.



EDON[ACP]G -> Energy where the peak Gaussian donor defect concentration occurs.
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WDSD[A]G -> Standard deviation of the Gaussian donor defect’s concentration
(measures width of the defect).



GISG / ND[A] -> Capture cross section of the Gaussian donor defect for electrons.



GISG / PD[A] -> Capture cross section of the Gaussian donor defect for holes.

Optical Parameters:


LAMBDA -> Wavelength λ of incident light.



ALPHA -> Absorption coefficient α for a specific material layer and a specific
wavelength.

*Flat defect distribution parameters and discrete defect distribution parameters are not used in
these simulations, so they are not defined here.*

A.1: Device Structure, Front and Back Contact, and other General Simulation
Parameters
Baseline Simulation
PHIB0 (eV)
SN0 (cm / s)
SP0 (cm / s)
RF
PHIBL (eV)
SNL (cm / s)
SPL
RB
Start Volt (V)
End Volt (V)
Operating Temp (K)

0.10
1.00E+07
1.00E+07
0.10
1.10
1.00E+07
1.00E+07
0.80
-1.50
2.00
300

NiO Simulation
PHIB0 (eV)
SN0 (cm / s)
SP0 (cm / s)
RF
PHIBL (eV)
SNL (cm / s)
SPL
RB
Start Volt (V)
End Volt (V)
Operating Temp (K)

0.10
1.00E+07
1.00E+07
0.10
3.50
1.00E+07
1.00E+07
0.80
-1.50
2.00
300

Table A.1: Top Contact, Bottom Contact, and General Parameters for AMPS Simulations
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A.2: Electronic Parameters

General

EPS
MUN (cm^2 / V / s)
MUP (cm^2 / V / s)
NA (1 / cm^3)
ND (1 / cm^3)
EG (eV)
NC (1 / cm^3)
NV (1 / cm^3)
CHI (eV)
thickness (nm)

only layer
9
100
25
0
1.00E+17
3.6
2.20E+18
1.80E+19
4.5
200

Band Tail

A.2.1: SnO

ED (eV)
GDO (1 / cm^3 / eV)
TSIG/ND (cm^2)
TSIG/PD (cm^2)
EA (eV)
GAO (1 / cm^3 / eV)
TSIG/NA (cm^2)
TSIG/PA (cm^2)

0.01
1.00E+03
1E-15
1.00E-17
0.01
1.00E+03
1E-17
1.00E-15

Gap State Parameters

Flat Dist
EDA (eV)
GMGD (1 / cm^3 / eV)
MSIG/ND (cm^2)
MSIG/PD (cm^2)
GMGA (1 / cm^3 / eV)
MSIG/NA (cm^2)
MSIG/PA (cm^2)
Discrete
[#N , #P]
N[P]
ND[A] (1 / cm^3)
EDON[ACP] (eV)
WDSD[A] (eV)
DSIG/ND[A] (cm^2)
DSIG/PD[A] (cm^2)
Gaussian
[#N , #P]
N[P]
ND[A]G (1 / cm^3)
EDON[ACP]G (eV)
WDSD[A]G (eV)
GISG/ND[A] (cm^2)
GSIG/PD[A] (cm^2)

1.9
1.00E+00
1.00E-14
1.00E-15
1.00E+00
1.00E-15
1.00E-14
x
x
x
x
x
x
x
(1 , 0)
N-type
1.00E+15
1.8
0.1
1.00E-12
1.00E-15

Table A.2: General Electronic, Band Tail, and Gap State Parameters for SnO.
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General

EPS
MUN (cm^2 / V / s)
MUP (cm^2 / V / s)
NA (1 / cm^3)
ND (1 / cm^3)
EG (eV)
NC (1 / cm^3)
NV (1 / cm^3)
CHI (eV)
thickness (nm)

9
100
25
0
1.00E+19
3.6
2.20E+18
1.80E+19
4.5
200

Band Tail

A.2.2: FTO

ED (eV)
GDO (1 / cm^3 / eV)
TSIG/ND (cm^2)
TSIG/PD (cm^2)
EA (eV)
GAO (1 / cm^3 / eV)
TSIG/NA (cm^2)
TSIG/PA (cm^2)

0.01
1.00E+03
1E-15
1.00E-17
0.01
1.00E+03
1E-17
1.00E-15

Gap State Parameters

Flat Dist
EDA (eV)
GMGD (1 / cm^3 / eV)
MSIG/ND (cm^2)
MSIG/PD (cm^2)
GMGA (1 / cm^3 / eV)
MSIG/NA (cm^2)
MSIG/PA (cm^2)
Discrete
[#N , #P]
N[P]
ND[A] (1 / cm^3)
EDON[ACP] (eV)
WDSD[A] (eV)
DSIG/ND[A] (cm^2)
DSIG/PD[A] (cm^2)
Gaussian
[#N , #P]
N[P]
ND[A]G (1 / cm^3)
EDON[ACP]G (eV)
WDSD[A]G (eV)
GISG/ND[A] (cm^2)
GSIG/PD[A] (cm^2)

1.9
1.00E+18
1.00E-14
1.00E-15
1.00E+18
1.00E-15
1.00E-14
x
x
x
x
x
x
x
(1 , 0)
P-type
1.00E+15
1.8
0.1
1.00E-12
1.00E-15

Table A.3: General Electronic, Band Tail, and Gap State Parameters for FTO.

91

General

EPS
MUN (cm^2 / V / s)
MUP (cm^2 / V / s)
NA (1 / cm^3)
ND (1 / cm^3)
EG (eV)
NC (1 / cm^3)
NV (1 / cm^3)
CHI (eV)
thickness (nm)

10
100
25
0
1.00E+17
2.4
2.20E+18
1.80E+19
4.5
50

Band Tail

A.2.3: CdS

ED (eV)
GDO (1 / cm^3 / eV)
TSIG/ND (cm^2)
TSIG/PD (cm^2)
EA (eV)
GAO (1 / cm^3 / eV)
TSIG/NA (cm^2)
TSIG/PA (cm^2)

0.01
1.00E+03
1E-15
1.00E-17
0.01
1.00E+03
1E-17
1.00E-15

Gap State Parameters

Flat Dist
EDA (eV)
GMGD (1 / cm^3 / eV)
MSIG/ND (cm^2)
MSIG/PD (cm^2)
GMGA (1 / cm^3 / eV)
MSIG/NA (cm^2)
MSIG/PA (cm^2)
Discrete
[#N , #P]
N[P]
ND[A] (1 / cm^3)
EDON[ACP] (eV)
WDSD[A] (eV)
DSIG/ND[A] (cm^2)
DSIG/PD[A] (cm^2)
Gaussian
[#N , #P]
N[P]
ND[A]G (1 / cm^3)
EDON[ACP]G (eV)
WDSD[A]G (eV)
GISG/ND[A] (cm^2)
GSIG/PD[A] (cm^2)

1.21
1.00E+15
1.00E-15
1.00E-12
1.00E+15
1.00E-12
1.00E-15
x
x
x
x
x
x
x
(1 , 0)
P-type
1.00E+18
1.21
0.1
1.00E-17
1.00E-12

Table A.4: General Electronic, Band Tail, and Gap State Parameters for CdS.
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General

EPS
MUN (cm^2 / V / s)
MUP (cm^2 / V / s)
NA (1 / cm^3)
ND (1 / cm^3)
EG (eV)
NC (1 / cm^3)
NV (1 / cm^3)
CHI (eV)
thickness (nm)

9.4
320
40
1.00E+14
0.00E+00
1.5
8.00E+17
1.80E+19
4.4
500 or 20000

Band Tail

A.2.4: CdTe

ED (eV)
GDO (1 / cm^3 / eV)
TSIG/ND (cm^2)
TSIG/PD (cm^2)
EA (eV)
GAO (1 / cm^3 / eV)
TSIG/NA (cm^2)
TSIG/PA (cm^2)

0.01
1.00E+03
1E-15
1.00E-17
0.01
1.00E+03
1E-17
1.00E-15

Gap State Parameters

Flat Dist
EDA (eV)
GMGD (1 / cm^3 / eV)
MSIG/ND (cm^2)
MSIG/PD (cm^2)
GMGA (1 / cm^3 / eV)
MSIG/NA (cm^2)
MSIG/PA (cm^2)
Discrete
[#N , #P]
N[P]
ND[A] (1 / cm^3)
EDON[ACP] (eV)
WDSD[A] (eV)
DSIG/ND[A] (cm^2)
DSIG/PD[A] (cm^2)
Gaussian
[#N , #P]
N[P]
ND[A]G (1 / cm^3)
EDON[ACP]G (eV)
WDSD[A]G (eV)
GISG/ND[A] (cm^2)
GSIG/PD[A] (cm^2)

0
1.00E+00
1.00E-30
1.00E-30
1.00E+00
1.00E-30
1.00E-30
x
x
x
x
x
x
x
(1 , 0)
N-type
2.00E+14
0.73
0.1
1.00E-12
1.00E-15

Table A.5: General Electronic, Band Tail, and Gap State Parameters for CdTe.
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General

EPS
MUN (cm^2 / V / s)
MUP (cm^2 / V / s)
NA (1 / cm^3)
ND (1 / cm^3)
EG (eV)
NC (1 / cm^3)
NV (1 / cm^3)
CHI (eV)
thickness (nm)

only layer
8.5
10
2
0.00E+00
0.00E+00
3.55
1.00E+19
1.00E+19
2
3.5 or 11

Band Tail

A.2.5: NiO

ED (eV)
GDO (1 / cm^3 / eV)
TSIG/ND (cm^2)
TSIG/PD (cm^2)
EA (eV)
GAO (1 / cm^3 / eV)
TSIG/NA (cm^2)
TSIG/PA (cm^2)

0.01
1.00E+03
1E-15
1.00E-17
0.01
1.00E+03
1E-17
1.00E-15

Gap State Parameters

Flat Dist
EDA (eV)
GMGD (1 / cm^3 / eV)
MSIG/ND (cm^2)
MSIG/PD (cm^2)
GMGA (1 / cm^3 / eV)
MSIG/NA (cm^2)
MSIG/PA (cm^2)
Discrete
[#N , #P]
N[P]
ND[A] (1 / cm^3)
EDON[ACP] (eV)
WDSD[A] (eV)
DSIG/ND[A] (cm^2)
DSIG/PD[A] (cm^2)
Gaussian
[#N , #P]
N[P]
ND[A]G (1 / cm^3)
EDON[ACP]G (eV)
WDSD[A]G (eV)
GISG/ND[A] (cm^2)
GSIG/PD[A] (cm^2)

1.9
1.00E+00
1.00E-14
1.00E-15
1.00E+00
1.00E-15
1.00E-14
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Table A.6: General Electronic, Band Tail, and Gap State Parameters for NiO.
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A.3: Optical Parameters

Absorption Parameters - CdS
Lambda (µm)
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
0.4
0.38

Alpha (1 / cm)
7.00E+02
7.00E+02
7.00E+02
7.00E+02
7.00E+02
7.00E+02
7.10E+02
7.60E+02
7.80E+02
7.80E+02
8.00E+02
8.80E+02
9.00E+02
9.00E+02
9.20E+02
1.00E+03
1.20E+03
1.60E+03
2.20E+03
1.70E+04
4.00E+04
6.40E+04
7.20E+04
1.00E+05
1.16E+05
1.20E+05
1.30E+05

Absorption Parameters - CdTe
Lambda (µm)
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
0.4
0.38

Alpha (1 / cm)
1.00E+01
3.00E+01
2.00E+02
1.00E+03
1.34E+04
1.98E+04
2.48E+04
2.92E+04
3.32E+04
3.69E+04
4.05E+04
4.40E+04
4.74E+04
5.08E+04
5.43E+04
5.83E+04
6.30E+04
6.86E+04
7.55E+04
8.42E+04
9.52E+04
1.09E+05
1.27E+05
1.51E+05
1.81E+05
2.21E+05
3.20E+05

Table A.7: Optical Parameters for CdS & CdTe.
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Absorption Parameters - SnO
Lambda (µm)
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
0.4
0.38

Alpha (1 / cm)
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+01
1.00E+01
1.00E+01
1.00E+01
1.00E+01
1.00E+01
1.00E+02

Absorption Parameters - FTO
Lambda (µm)
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
0.4
0.38

Alpha (1 / cm)
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+01
1.00E+01
1.00E+01
1.00E+01
1.00E+01
1.00E+01
1.00E+02

Absorption Parameters - NiO
Lambda (µm)
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
0.54
0.52
0.5
0.48
0.46
0.44
0.42
0.4
0.38

Table A.8: Optical Parameters for SnO, FTO, & NiO.

Alpha (1 / cm)
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+01
1.00E+01
1.00E+01
2.00E+01
3.00E+01
6.88E+01
1.00E+02
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Appendix B
Additional Experimental Results & Statistics

B.1: Cu Diffusion Time Tests
The performance parameters detailed below in Tables B.1 and B.2 refer to another
experiment we performed with Dr. Compaan’s research group.

This test was designed to

determine what Cu diffusion time would be optimal at each NiO thickness. All CdTe-NiO devices
in these tests performed worse than the devices in previous tests though, results for devices with
a 30 minute diffusion time do not match the results obtained in chapter 5, and data trends are not
consistent from Table B.1 to B.2. For instance, though Table B.1 demonstrates that VOC is
consistently dropping with increasing diffusion time, Table B.2 demonstrates a VOC drop and
increase based on the diffusion time. Overall, since these results did not match previous tests,
and did not yield consistent results, they were not considered with the trends discussed in
chapters 4 & 5 of this thesis. Though we cannot know exactly why this test yielded inconsistent
results, our assumption is that there was some change or mistake in the fabrication process.

Table B.1: Device Performance Parameters for 500 nm CdTe, 3.5 nm NiO Devices with
Various Cu Diffusion Times.
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Table B.2: Device Performance Parameters for 500 nm CdTe, 11 nm NiO Devices with
Various Cu Diffusion Times.
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B.2: Additional Statistical Data on Fabricated CdTe-NiO Devices
In addition to the JSC data shown in chapter 5, the rest of the statistical data for the CdTeNiO cells in the first set of experiments is included here.

Figure B.1: VOC Statistical Data of CdTe-NiO Cells with a) 500 nm CdTe and b) 2 µm CdTe.
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Figure B.2: PCE Statistical Data of CdTe-NiO Cells with a) 500 nm CdTe and b) 2 µm CdTe.
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Figure B.3: FF Statistical Data of CdTe-NiO Cells with a) 500 nm CdTe and b) 2 µm CdTe.
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Figure B.4: Series Resistance Statistical Data of CdTe-NiO Cells with a) 500 nm CdTe and
b) 2 µm CdTe.
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Figure B.5: Shunt Resistance Statistical Data of CdTe-NiO Cells with a) 500 nm CdTe and b)
2 µm CdTe.
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Appendix C

Non-Technical Abstract
Cadmium Telluride (CdTe) solar cells are the current leader in thin film photovoltaic
technologies: with record device efficiencies comparable to any other thin film photovoltaic, and
a lower cost per watt-peak than any other industrial photovoltaic. Yet device efficiency and cost
must be further improved to continue making these devices economically competitive. This thesis
discusses cost reduction of CdTe solar cells by creating ultrathin CdTe absorber layers through
Magnetron Sputter Deposition. Previous research on these devices has demonstrated excellent
stability, but significantly reduced efficiency when compared to CdTe devices with thicker
absorber layers. To avoid this efficiency reduction, research is conducted on adding a NiO layer
only a few monolayers thick between the CdTe and the metal back contact. Ideally this NiO layer
would block unwanted charge-carriers, which is a typical concern with ultrathin solar absorbers.
NiO layers were grown by Atomic Layer Deposition (ALD), and characterized to determine the
surface topography, crystal structure, and optical absorption. These methods demonstrated that
the ALD NiO films were conformal and continuous, conductive, and did not absorb optical
wavelengths of light. Out of the various CdTe and NiO thicknesses tested, the combination with
both materials at their thinnest yielded promising results. The addition of a NiO layer improved
CdTe device Photon Conversion Efficiency (PCE) by and Photon Conversion Efficiency by 1.12%.
Beyond these experimental tests, additional simulation work using Analysis of Microelectronic
and Photonics Structures (AMPS) software demonstrated that CdTe could achieve a PCE increase
of 6.13% with the thinnest CdTe and NiO combination. The results demonstrate that NiO could
enhance the performance of CdTe solar cells, and that further experimental work should be
conducted on solar cells utilizing ultrathin CdTe.

