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ABSTRACT

DEVELOPMENT OF PLASMA CLEANING AND PLASMA ENHANCED CLOSE SPACE

SUBLIMATION HARDWARE FOR IMPROVING CdS/CdTe SOLAR CELLS

A scalable photovoltaic manufacturing process that employs a heated pocket deposition
technique has been developed at Colorado State University. It allows for the economical
manufacturing of single-junction thin-film CdTe solar cells with efficiencies over 13%. New
techniques that further increase cell efficiency and reduce production expenses are required to
make solar energy more affordable. To address this need a hollow-cathode plasma source was
added to the load-lock region of the CSU single-vacuum in-line CdTe-cell fabrication system.
This plasma source is used to clean the transparent-conductive-oxide layer of the cell prior to the
deposition of the CdS and CdTe layers. Plasma cleaning enables a reduction in CdS thickness by
approximately 20 nm, while maintaining an improved cell voltage. Cell current was improved
and cell efficiency was increased by 1.5%. Maps generated by scanning white-light
interferometry, electroluminescence, and light-beam-induced current all show uniformity
improvement with plasma cleaning treatment. To further increase cell efficiency a hollow-
cathode plasma-enhanced close space sublimation (PECSS) source was utilized to modify the
CdS window layer material as it was being deposited. This was done by integrating PECSS into
the CSU inline CdS/CdTe-cell fabricating system and by sublimating the CdS semiconductor
material through a plasma discharge. To date oxygenated CdS (CdS:O) cells have been grown by

sublimating CdS through a PECSS source operated on oxygen. Data are presented showing that



PECSS CdS:O films have increased the band gap of the window layer therefore reducing

absorption loss, increasing cell current, and improving efficiency by 1.2%.
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Chapter I  Introduction

The world consumed an amount of energy equivalent to 13 billion tonnes of oil last year
[1], which is equal to less than the amount of solar radiation that falls onto the earth’s surface
in one day. Photovoltaic cells are one technique for converting solar radiation to electrical
power. This thesis will focus on the improvements to photovoltaic (solar) cell efficiency through
the use of plasma processing in advanced CdTe solar cell manufacturing. Chapter | will outline
the demand for alternative energy, provide justification for continued research in PV, and
present an overview of photovoltaic physics. The material and device characterization
techniques used for understanding the results obtained with plasma-aided solar cell
manufacturing are outlined in Chapter Il. The primary results of this research are described in
Chapter Ill, which demonstrate a plasma cleaning treatment of transparent conductive tin
oxides, which allows a thinner CdS film to be used and higher efficiency devices to be
fabricated. Chapter IV will describe the integration of a plasma discharge into a close space
sublimation source that allowed the incorporation of oxygen into CdS films for improved
transparency. Chapter V contains conclusions from Chapters Il & IV and an outline of future

work on plasma-aided solar cell manufacturing techniques.
1.1 Growing Energy Demand

Energy demands are escalating as the world population continues to grow. The
population is now over 7 billion with current trends projecting a 20% growth in the next 20
years (Figure 1A). Energy consumption growth follows suit, with a 40% increase in the global

energy demand and an 80% increase in global electricity demand by 2030.
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Figure 1A Increasing global population (UN Population Division, 2010) [2].
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Figure 1B Energy consumption (Orr, 2006) [3].

To subsidize this growing demand multiple sustainable energy supplements are being
developed (Figure 1B), not only to level off depletion rates of limited resources such as crude
oil, but to also limit the environmental impacts caused from combustion. Since 1950 carbon
emissions have increased with energy demand (Figure 2A). Although there is much debate over

how much carbon dioxide accumulation is needed to make the earth uninhabitable [4, 5], it is



agreed that CO, production is increasing and global temperatures are rising (Figure 2B). Some
researchers and policy makers believe that with an investment in a suite of renewable energy
sources, we can limit the environmental impact and sustain a technologically advanced

standard of living for all countries.
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Figure 2 A: Flux of carbon per year (Hoffman, 2008) [6] B: Carbon dioxide concentration
timeline (Tans, 2012) [7].

1.2 Renewable Energy

The United States (US) generates less than 4% of its power from renewable energy
sources whereas Europe currently generates over 17% (both excluding hydroelectricity) [8,9].
This occurred because Europe has aggressively promoted renewable energy development,
taking several technologies to implementation scales that compete with coal and nuclear
power. Figure 5 shows the growth of renewable power capacity in Europe from 2000 to 2011.
Significant contributions from wind and photovoltaic energy production (PV) were achieved

while fuel oil and coal consumption were reduced.
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Figure 3 Power capacity by energy source for Europe 2000 (Left) and 2011 (Right) (Zachary,
2010) [9].

The United States has begun to grow its renewable energy capacity, increasing wind
capacity by 39% and solar PV capacity by 52% in 2009 (Figure 4) [8]. Geothermal and hydro
power generation have remained relatively constant since 2000, as the United States is
predominantly growing in wind and PV technologies. With strong potential as the radiation
from the sun supplies the earth with tremendous amounts of energy every day. The amount of
solar energy reaching the surface of the planet is so vast that in one year it is about twice as
much as will ever be obtained from all of the Earth's non-renewable resources of coal, oil,
natural gas, and mined uranium combined [10]. This makes investment in solar a promising

area for development into a dominate renewable energy source of the future.
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To initiate PV growth, the United States Department of Energy has developed research
programs such as the SunShot initiative, which aims to develop solar cell technologies that will
reduce the cost of solar energy systems by 75% before the end of the decade. Reaching this
goal will make solar energy cost-competitive with conventional forms of electricity without
subsidies. It is believed this will enable widespread development across the United States [11].
The venture capital and private equity investment in solar technologies has increased from 5
million in 2001 to 1 billion in 2009 making solar energy the renewable technology of choice in

the US [8].
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Figure 5 A: United States PV power sales price (US DOE, 2010) [8] B: Current solar cell
Efficiency vs. Potential efficiency (Shockley, 1961) [12].

Reductions in the cost of solar power generation (price/watt) over the past decade have
supported exponential growth in PV manufacturing; however, there still remains the potential
for further reduction in cost (Figure 5A). Although cost will continue to drop through production
scaling, the current state of the art PV technologies reveal a large difference between
theoretical maximum efficiency limits and cell efficiencies of current devices (Figure 5B). New

techniques to increase solar cell efficiency will help to further reduce PV costs.

1.3 PV Fundamentals

Photovoltaic cells convert sun light directly to electricity through the use of
semiconductor materials. To understand this process consider basic band theory where the
electrons in a material develop distinct bands at various energy levels. These bands are
separated by regions with no available states, where the electrons are forbidden to exist. The

bands and their relation to each other dictate material properties such as electrical resistivity,



transparency to light, electroluminescence, and photoelectric effect. The two bands of interest

in PV phenomenon are the bands known as the conduction and valence band.

--- Fermi level

Conduction Band

Large gap between bands

Conduction Band

Electron Energy

Conduction Band

A: Insulator B: Semiconductor C: Conductor

Figure 6 Band theory of conductors, semiconductors, and insulators [13].

The position of these two bands dictates how the material is categorized as suggested in
Figure 6 [14]. In a conductor (Figure 6C) the bands overlap allowing an electron to move freely
around due to states that are empty within the upper portion of the band. In some materials, a
band can be completely filled with electrons making it impossible for them to move around
freely. The upper most filled band is called the valance band, and the next band above is
referred to as the conduction band. When an electron gets from the valence band to the
conduction band it can again move freely. As these bands become separated in a

semiconductor and insulator, a significant outside source of energy is required to move an



electron from the filled valence band to the conduction band. This gap between bands is
defined as the band gap (Eg) and the magnitude of this gap is the defining characteristic
between a semi-conductor and insulator. A semi-conductor is essentially an insulator with a
smaller band gap. At zero degrees kelvin the valence band of a semiconductor is completely
filled, and the conduction band is completely empty. As the temperature increases a few
electrons in the tail of the electron energy distribution will have enough energy to move from
the valence band to the conduction band. This action leaves behind holes, the absence of an
electron, in the valence band which are also free to move. Both holes in the valence band and
electrons in the conduction band are free charge carriers that contribute to the conduction of

current in semiconductor materials.

A band gap is characterized as being either direct or indirect. The band gap is
representative of the minimum energy required for an electron to move from the valence band
to the conduction band, but the top of the valence band and bottom of the conduction band do
not always have the same electron momentum. In a direct band gap material the top of the
valence band and the bottom of the conduction band are at the same electron momentum,
allowing an absorbed photon with energy above the band gap energy to generate a hole-
electron pair (Figure 7A). In an indirect band gap the top of the valence band and bottom of the
conduction band do not lie at the same electron momentum and so additional energy from
lattice vibrations (photons) are needed to generate a hole-electron pair (Figure 7B). As a
consequence of the need for electron-phonon interactions, indirect absorbers require
substantially more material to absorb the same amount of light compared to a direct band gap

material. As an example an indirect material such as silicon will require 100 times more material



to absorb the same amount of light as a direct band gap material such as copper indium gallium
selenide (CIGS) or cadmium telluride (CdTe). Furthermore indirect band gap materials require
higher quality material for solar cell production to prevent hole-electron recombination before

the separated free carriers can be swept out of the material and used to produce PV energy.
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Figure 7 Energy vs. Momentum diagram for A: Direct and B: Indirect band materials (Rako,
2010) [15].

Semiconductors can further be classified as intrinsic and extrinsic. An Intrinsic
semiconductor is defined as having no impurities, which can strongly affect the number and
type of charge carriers. Intrinsic materials and the number of free holes and free electrons are
equal. Intrinsic materials are turned extrinsic by incorporating impurities, known as dopants,
into the lattice structure. Extrinsic semiconductors that have been doped to have impurities
that are acceptors of electrons are known as positive type (p-type). Semiconductors doped to

have impurities that are donors of electrons are known as negative type (n-type). For example,



a common semiconductor like silicon can be doped p-type by adding boron or n-type by adding
phosphorus. The Fermi energy level is defined as the energy level with a 50% probability of
being occupied. Intrinsic materials have the same number of electrons and holes and so the
Fermi level is near the center of the band gap. The position of the Fermi level in extrinsic
materials is a function of the concentration of donors and acceptors, their energy level, and the
temperature of the material. The Fermi level moves up or down to maintain a charge density

balance between the concentrations of free charge carriers and immobile ionized dopants.

Conduction Band Conduction Band

————————————————— Fermi Energy

Fr— e Donor levels

Energy
Energy

----------------------------------------------------------- Acceptor levels

————————————————— Fermi Energy

A: p-type B: n-type

Figure 8 Position of Fermi energy A: p-type and B: n-type semiconductors.

P-type materials have the Fermi level shifted towards the valence band because of the
presence of dopants at the acceptor energy state (Figure 8A). N-type materials have the Fermi
level shifted toward the conduction band due to presence of dopants at a donor energy state
(Figure 8B). As separate materials the Fermi levels do not align (Figure 8A), however when the

n-type and p-type materials are brought together a p-n junction is formed, which is referred to

10



as a diode. At equilibrium and without the presence of photons and temperature gradients, the
Fermi levels in the two materials must be the same on each side of the junction causing the
bands to bend as shown in Figure 9A. As the bands bend a net negative charge imbalance sets
up in the p-type region adjacent to the junction and a net positive charge imbalance sets up in
the n-type region. These charge imbalances are caused by donor and acceptor ions in the n-
type and p-type regions respectively. The collective volume of these two space charge regions is
called the deletion width of the diode. The magnitude of the space charge in each material
must be equal. These adjacent positive and negative space charge regions develop an electric

field that retard further diffusion of majority charge carriers, this field is referred to as the built-

in-field.
A
. Depletion Width
Conduction Band k/
Bands bend
- Conduction Band
& B ++
E el kbl kel | = = = o Rl Fermi Energy
c + +
i)
+4
Fermi level remains constant

p-type n-type

Figure 9A The p—n junction [14].
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There are two types of p-n junctions, a hetero-junction or a homo-junction. Homo-
junctions use the same semiconductor material, which is doped to form both the p-type and n-
type regions. Hetero-junctions are formed using different materials for the n-type and p-type.
In general the interface of a homo-junction device is superior since the same base material is
used on both sides of the junction. This limits the formation of energy barriers and
recombination sites that reduce cell efficiency. Hetero-junctions allow for the window layer and
absorber layer band gaps to be engineered around the solar spectrum to limit absorption

losses, but they often suffer from losses due to energy barriers and recombination sites.

As a diode is exposed to light, photons are absorbed and hole-electron pairs are
generated within the depleted width region. The built-in-field will push the electron towards
the n-type and the hole towards the p-type. The Fermi energy and built-in-field will adjust to
allow the flow of electrons and holes from the majority charge carriers to balance the photo-
generated current. As the electrons and holes build up, the Fermi level will change across the
diode establishing a voltage difference between the front and back contacts (Figure 9B). This
voltage difference developed under light illumination at an open circuit condition is known as

the open circuit voltage (Vo) of the photodiode.
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Figure 9B  p-n junction under photon bias.

If the photon generated hole-electron pairs are swept out of the diode region and
complete the circuit to the back contact under no load, a short circuit current is generated. As a
constant flux of photons are absorbed, for example from the AM 1.5 solar spectrum displayed
in Figure 10A, a constant flux of electrons will flow through the circuit. The current at this short

circuit condition is called the short circuit current, commonly denoted per unit area giving a

short circuit current density (Jsc) (mA/cm?).
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Figure 10A AM 1.5 solar radiation spectrum (NREL, 2012) [16-18].

The V.. and Js. conditions are standard parameters used to describe the performance of
a photodiode however neither point will generate power. At the open circuit voltage condition
there is no current flow and similarly at the short circuit current condition there is no voltage
potential, both result in no power output. As a load resistance is varied between the open
circuit and short circuit condition, a current density vs. voltage (J-V) curve is generated (Figure
10B). The parameters J;. and V.. are represented by the axis intercepts of the solid line, the
dashed line represents the power generation at any given point along the load sweep. The
maximum power point (mp) is represented in Figure 10B corresponding to the maximum power
voltage (Vmp) and maximum power current density (Jmp) of the cell. Fill factor (FF) is a
characteristic parameter comparing the max power point to the product of open circuit voltage
and short circuit current (Equation 1.1). The higher the FF the closer the max power point will

be to the potential max power point.
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Figure 10B  J-V curve of a CdTe cell with overlaid resulting power density, parameters Vo, Js,

Vimp, Imp are identified.

FF = M (1 1)
Voc'Isc .

Efficiency (1) of the solar cell is calculated by comparing the power from 1 sun into the
cell to the power generated by the cell at the maximum power point (Equation 1.2). The input
power density is ~100mW/cm?, and the cell in Figure 10B generates ~12mW/cm?, therefore the
resulting cell efficiency is 12%. The efficiency of a solar cell is directly related to the Voc, Jsc,
and FF parameters of the cell and these characteristic parameters are commonly used to

describe the ability of a photovoltaic cell in converting the solar spectrum to electricity.
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in Pin

The PV market requires technologies that utilize large scale manufacturing of high
efficiency modules. One of the most common direct-band gap, thin film solar cell materials is
Cadmium Telluride (CdTe). CdTe has been expanding in the US PV market due to its
manufacturability and optimum material properties. First Solar has demonstrated the ability to
manufacture CdTe thin film solar cells at competitive costs (Figure 11) and has developed small

area CdTe cells with efficiencies up to 17.3% [19].

U.S. Cell Production 2009:

566 MW cell production
1,871.5 MW production capacity

25.3%
Other 4.8% First Solar
Global Solar 1.8%
Schott Solar 1.9%

Miasole 2.3%
Suniva 4.4%

21.8%
/ United Solar Ovonic

18.3%
Evergreen Solar

Figure 11  US solar cell production by company 2009 (US DOE, 2010) [8].

1.4 CdS/CdTe Solar Cell

The CdTe solar cell uses a hetero-junction formed by using n-type Cadmium Sulfide

(CdS) as the window layer and p-type CdTe as the absorber layer. Cadmium sulfide has a band
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gap of 2.4 eV, allowing a large percentage of the light spectrum to pass through it to the CdTe
absorber. Cadmium Telluride has a band gap equal to 1.49 eV, which is near the optimum band
gap for photovoltaics and is a direct band gap material, which minimizes the material required
to absorb the light spectrum (Figure 5B) [20, 21]. Cadmium Telluride cells can be grown in two
configurations, substrate and superstrate. In the substrate configuration (Figure 12B) the device
is grown in the direction opposite to the way that the light would travel through the cell. The
back contact surface is used as the structural support (Figure 12B). In the superstrate
configuration the cell is grown in the direction the light would travel through the cell and a low

absorbing glass and front contact is used as the structural support.

Direction of solar irradiation

Back contact Front contact /
TCO layer \

Front contact CdS layer

CdTe layer Back contact

(I';l:)lil_\ t‘f I CIS layer
ayer AN T
Glass i
Glass
substrate

substrate

\

Direction of solar irradiation

A: Superstrate Configuration B: Substrate Configuration

Figure 12 Schematic of PV Cells A: Superstrate configuration for CdTe B: Substrate
configuration for CIS (Irvine, 2008) [22].

1.5 Formulation of the Problem

The highest efficiency cadmium telluride (CdTe) solar cells are produced using the
superstrate configuration [19]. The first film deposited onto the glass is a transparent
conductive oxide (TCO), which forms the front contact of the solar cell. The condition of the
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TCO surface has an important impact on the quality of the other films comprising the cell. In
particular, sputter treatments have been shown to reduce carbon contamination and modify

the resulting interface between SnO, and CdS [23].

Poor growth regions, also known as pin holes, can form in the n-type CdS layer, allowing
a shunt path to develop between the front contact and the p-type CdTe film [24]. Pinholes are
particularly troublesome when a thin CdS layer is deposited on TCO-coated glass that has been
cleaned using industry-standard techniques [25]. Figure 13A shows scanning-white-light-
interferometry (SWLI) images of a CdS film deposited on TCO that was subjected to a standard
cleaning process [26]. Even a small number of pin holes demonstrated in Figure 13A can cause a

substantial decrease in fill factor (FF) and open circuit voltage (Voc) [24].
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Min: - 80 nm ‘
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Figure 13  Scanning-White-Light Interferometry of CdS films on standard-cleaned and plasma-
cleaned TCO [26].

To minimize pinhole effects, relatively thick (100-200 nm) CdS layers must be deposited,
resulting in a current density loss from absorption of light above the CdS band gap of 2.4 eV,
and a current-density reduction as much as 4.6 mA/cm? [28]. Figure 13B shows a SWLI image of

a CdS film that was deposited on TCO coated glass that was plasma treated for 15 seconds. No
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evidence of pinholes was found on the plasma cleaned sample. The positive impact on cell
performance of a plasma cleaning treatment will be explored in Chapter lll. An alternative to
thinning the CdS window layer is to increase the band gap of the CdS material and reducing loss
from absorption in the window layer. The formation and impact to cell performance from a

modified CdS window layer will be explored in Chapter IV.
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Chapter Il  Experimental Details

2.1 Cell Fabrication

The CdS/CdTe solar cells studied here are manufactured by growing thin films using
heated-pocket deposition sources that sublimate semiconductor materials within an in-line
single-vacuum deposition system [29, 30]. The cells are manufactured on 3.6” x 3.1” Pilkington
TEC 10 superstrates that consist of soda-lime-silicate glass, coated with a thin (30nm) intrinsic
Sn0, layer, a thin (20nm) SiO, film, and finally a thick (300nm) SnO,:F layer as shown in Figure
14 [28]. Prior to plasma cleaning or film deposition, the TCO film is cleaned using a standard
ultra-sonic detergent rinse, an ultra-sonic deionized water rinse, and finally an isopropyl alcohol
wash. Plasma treatment can be done at this stage before the cell proceeds through the
fabrication system shown in Figure 15. Here the deposition of the CdS and CdTe films occur and
post-treatments with cadmium chloride and copper doping are performed. The plasma cleaning
and film deposition processes are performed without breaking vacuum, and the samples are

removed and carbon nickel layers are sprayed on for the back contact [29].

Glass 3.0mm Glass
Cds (N-Type SnO,
(N-Type) 120 nm Si0,

"’ Applied Plasma "

Figure 14  Structure of TEC 15 glass; Plasma-cleaning step at right.
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Figure 15 In-line single-vacuum deposition system at CSU for fabrication of CdTe cells [29].

2.2 Film and Device Characterization

Several methods are used to understand effects of the plasma cleaning treatment
including material characterization and photovoltaic device characterization. Techniques
presented in this thesis include Ultra Violet-Visible Spectrophotometry (UV-Vis), Contact-Angle
Goniometer (CA), Scanning White Light Interferometry (SWLI), Atomic Force Microscope (AFM),
X-Ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscope (SEM), Energy-
Dispersive X-ray Spectroscopy (EDS), Quantum Efficiency (QE), Current Voltage plots with
optional temperature bias (JV and JVT), Electroluminescence (EL), and Light-Beam Induced

Current (LBIC).

2.2.1 Ultra Violet-Visible Spectrophotometry

Ultra Violet-Visible Spectrophotometry (UV-Vis) is used to characterize the ability of a
material to absorb, reflect, and transmit light as a function of the incoming photon wavelength.
This is performed by utilizing multiple light sources and splitting the spectrum with a

monochromator. In this research the spectrum wavelengths varied from 300 nm to 1000 nm;
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which includes ultra violet, visible, and near infrared light. As the light is split, it is sent past an
aperture and through the sample of interest (Figure 16). The beam is then captured by a photo
detector that is cooled to 0°C. Transmission versus wavelength data are recorded using a data
acquisition system. This characterization technique provides data that can be used to identify

the band gap of the different thin films used in CdTe cell manufacturing.

Collimator Wavelength Selector Detector
(Lens) (Slit) {Phetocell)
DAQ System
Light source Monochromator Sample

{Prism or Grating)

Figure 16  UV-Vis Spectrophotometry (Vo, 2011) [32].

2.2.2 Contact-Angle Goniometer

A contact—angle goniometer is a characterization tool that images the liquid—solid
interface when a liquid droplet interacts with a solid surface in air (Figure 17). A drop of a liquid
upon a solid surface assumes a lens shape controlled by three forces, the surface tension of the
solid—vapor interface, the liquid—vapor interface, and the solid-liquid interface [33]. The
contact angle is defined as the angle between the solid surface and the tangent to the surface
of the drop at the point of contact. Contact angle measurements are extremely sensitive to
contamination making this a powerful tool in measuring the relative cleanliness of a surface
[34, 35]. Contaminants can prevent wetting on naturally hydrophilic surfaces, resulting in higher
contact angles than desired. As a hydrophilic surface is cleaned of contaminants, the contact
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angle will decrease and wetting improves (Figure 17) [36]. To generate a contact angle
measurement, a deionized water droplet of a known volume is released from a dropper onto
the surface. A camera is used to photograph the water droplet as it sits on the surface and a
data acquisition system records the contact angle. For this research high contact angles on the
TCO film suggest contaminates on the surface where pinholes could develop during CdS

deposition and would lower cell efficiency.

¥

Contaminated Solid Clean Solid

Figure 17 Contact-angle of contaminated and clean surface (Ramehart, 2012) [36].

2.2.3 Scanning White Light Interferometry

The Scanning White Light Interferometry (SWLI) is a characterization tool that allows for
a non-contact mapping of surface roughness [33]. In this tool illumination from a white light
source is filtered and focused to a beam that is sent to a beam-splitter where the light is
directed to a reference mirror and the surface of interest. Interference bands form to create
what are known as fringe patterns when the reference beam and light reflected from the
surface are recombined (Figure 18). The fringe patterns are used to deduce the surface

topography in software that converts these fringes to various height measurements. A
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collection of height measurements made over the surface are used to form a 3D image of the
surface. SWLI image resolution is + 1 nm in the z direction (height) and + 100 nm in the x-y
direction (laterally). SWLI data are most useful in characterizing pinhole defects in the CdS film

and thickness of CdS and CdTe films in the results presented in this thesis.
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Figure 18 Schematic of a Scanning White Light Interferometer (Woods, 2009) [37].

2.2.4 Atomic Force Microscope

The Atomic Force Microscope (AFM) is a characterization tool used to resolve features
of a surface on the atomic scale [38]. It operates using a cantilever beam that has a tip

sharpened to a radius of 8nhm near its free end (Figure 19). In this research images are
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generated in the tapping mode of operation where the probe tip is not in contact with the
surface but oscillating at ~170 kHz about 100-200 nm above the surface. This method requires
no direct contact with the surface, which reduces the risk of tip damage or build up of liquids on
the tip that can be transferred from a surface being characterized. As the probe oscillates along
the surface, forces such as Van der Waal and dipole-dipole interactions cause the cantilever
frequency to change. To measure the oscillating frequency of the cantilever, a spot size laser
beam is reflected from the top of the cantilever to a stack of photodiodes. A 3D image of the
surface is generated as the probe tip is scanned back and forth across the region of interest.The
AFM technique allows for high lateral resolution (+ 10nm) images of TCO films to be generated

after various plasma cleaning procedures have been performed.

Detector and
Feedback

Electronics

Photodiode

Laser

Sample Surface Cantilever & Tip
.PZT Scanner

Figure 19  A: Block diagram of Atomic Force Microscope, B: SEM images of AFM tip at 100 um
scale (Top) and 30 um scale (Bottom) (Wiki, 2012) [39].
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2.2.5 X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is one of the most widely used techniques for
elemental analysis of the near surface region, giving insight into the material’s surface
chemistry [40, 41]. This is performed by bombarding the surface of the sample with x-rays to
release electrons from a wide range of valence band locations. The relative number and energy
of the electrons are measured using an electro-static analyzer (Figure 20). The difference
between the x-ray energy and the energy of the freed electron is a measurement of the binding
energy of the electron. A graph is populated by counting the number of electrons vs. their
binding energy. Each element and its local bonding environment have characteristic sets of XPS
peaks, which can be referenced to identify elements and their chemical relationship between
nearby atoms. In addition, XPS can be paired with an ion source to sputter etch away layers of
material from the sample in between XPS spectra measurements, generating a depth profile
through a sample. In this thesis, XPS measurements are used to identify materials and their

chemical states after being deposited using plasma assisted deposition processes.
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Figure 20  Diagram of XPS (Laurin, 2009) [42, 43].

2.2.6 Scanning Electron Microscope

A Scanning Electron Microscope (SEM) uses electrons instead of photons to enable high
magnification images to be obtained. This is performed by generating an electron beam using a
filament, generally tungsten, which is focused to a small spot size (Figure 21). The spot size is on
the order of nanometers in diameter when it strikes the surface being imaged. As the electron
beam interacts with the material secondary electrons are produced and emitted from the
surface along with x-rays. The secondary electrons are collected by detectors located near the
specimen as the electron beam is scanned over the surface. High resolution images are
generated by combining the detectors output with locations where the electron beam was
scanned [44]. A JOEL JSM-6500F microscope was used to image specimens at an operation
voltage of 15kV. The SEM allowed visual assessment of material surfaces and these images

were used to identify changes in grain size and material structure.
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Figure 21  Cross section of an SEM (Atteberry, 1998) [45].

2.2.7 Energy-Dispersive X-ray Spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDS) is an analytical tool for characterizing the
elements present in a material, and is generally used in combination with an SEM. When an
SEM electron beam bombards the surface of a sample, an electron can be ejected from an inner
shell. This creates a vacancy in the shell, allowing an electron from a higher shell to fall down
into the vacant shell, releasing an x-ray with energy equal to the difference between the two
shell states (Figure 22). These x-rays are detected and tabulated in plots of X-ray counts vs.
energy. Since every element has a characteristic x-ray energy, EDS data is used to identify
elements and their relative concentrations within the sample. EDS is used in this research to
identify the presence of elements of interest within a film following plasma enhanced

deposition techniques.

28



atomic nucleus
kicked-out ..
electron " . )

e

v LJ(_\“ >
radiation
energy

Detected
by Sensor

Figure 22  Principle of EDS (Wiki, 2012) [46].
2.2.8 Quantum Efficiency

The quantum efficiency (QE) identifies the percent of hole-electron pairs extracted from
a photodiode for every incident photon of a given energy. QE data is typically presented in
graphs of conversion percent as a function of wavelength. Detailed analysis of the QE spectrum
can identify film thickness, short circuit current, and band gap. QE data can also provide insight
into the losses in a device (Figure 23A). Losses that can be identified include absorption in the
glass, TCO, and CdS layers along with reflection and deep penetration losses. QE data are
generated by sending white light from a 1 sun replicating light source toward a
monochromator. Here the light beam is split in its varying wavelengths; the monochromator
was used to select wavelengths from 400 to 900 nm in this research. The beam leaving the
monochromator is chopped at a set frequency and focused onto the solar cell. Current

produced by the cell from the light at the selected wavelength is detected by a preamplifier
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where the current is converted into a signal that a lock in amplifier measures at the chopper
frequency (Figure 23B). This method vyields a current (hole-electron yield) vs. wavelength
(photon energy) graph for the cell (Figure 23). QE measurements require a calibrated reference
device, and the results presented in this thesis use a Gallium Arsenide solar cell calibrated at

the U.S. National Renewable Energy Laboratory.
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Figure 23 A: Quantum efficiency plot of a CdS/CdTe Cell B: Schematic diagram for QE
measurement (Demtsu, 2005) [28], (Nagle, 2007) [47].

2.2.9 Current-Voltage Measurements

Current-voltage (J-V) plots are common measurements to characterize a photovoltaic
cell. As described in Section 1.3, this technique measures cell operation parameters: Vo, Jsc, FF
and efficiency to describe the quality of a solar cell. Measurements consist of applying light that
approximates the spectrum from the sun at the surface of the earth. This thesis utilizes a
spectrum standardized to 1.5 air mass units (AMU). Figure 24A compares the AMU 1.5

spectrum to the spectrum generated by the xenon arc lamp used in this research. The graphs
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are generated by applying a range of biases to the cell and measuring the resulting current
generated. A typical current density vs. voltage plot is shown in Figure 10B. Cell performance
varies with temperature, and tests were conducted on cells heated with a heat gun and cooled
with liquid nitrogen to obtain J-V plots as a function of temperature (JVT). This device
characterization method is the most common characterization technique used to understand
the quality and performance of cells. This method is utilized in this research to show the
difference between plasma cleaned and standard cleaned TCO devices and to show

improvements induced from plasma enhanced processing of CdS films.
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Figure 24  A: AMU 1.5 Spectrum vs. Light source spectrum B: J-V plot of a CdTe cell (Davies,
2008) [24].

2.2.10 Electroluminescence

Electroluminescence (EL) exploits the reciprocity relationship between solar cells and light
emitting diodes (LEDs) to take fast, spatially-resolved measurements of a device (Figure 25). EL
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is performed by placing a cell in a light controlled environment with the cell in forward bias at a
current of 20 mA/cm?, which is similar to typical Js. values. Images of the cell are then taken by
a silicon CCD camera cooled to -25 °C. EL data give insight into cell uniformity as well as its

relation to Voc [48].

Figure 25 Basic El setup: (1) CCD camera, (2) interchangeable lenses, (3) enclosure, (4)
sample, (5) current source, and (6) computer (Raguse, 2012) [48].

2.2.11 Light Beam Induced Current

Light beam induced current (LBIC) measurements produce a spatial map of quantum
efficiency. A light is provided by an electrically modulated laser diode operating at 638-nm. A
set of optics is used to direct and focus the laser beam onto the cell where an electrical signal is

measured using a lock-in amplifier (Figure 26) [49]. As the sample is moved under the laser spot
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a map is produced over a user defined area with resolution of 1, 10, or 100 um. The LBIC

mapping can be done at short circuit conditions or with a voltage bias applied.
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Figure 26  Schematic of LBIC apparatus (Hiltner, 2001) [49].

2.3 Conclusion

The characterization techniques described in this section were used to study materials
and cells deposited in an inline manufacturing tool for producing CdTe solar cells. The samples
and controls were tested for various material properties and device performance parameters to
create comparisons between plasma cleaned and standard cleaned substrates and between
CdS window layers created with and without Plasma Enhanced Close Space Sublimation.
Material analysis of the CdS and TCO material is done using contact angle, AFM, and SWLI.
Device performance is described with QE, J-V, and J-V-T; with more detailed device

characterization of uniformity measured with EL and LBIC. PECSS generated CdS:O films are
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characterized using use UV-Vis, XPS, SEM, and EDS, along with device performance

characterization by QE, and J-V.
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Chapter 111 Plasma Cleaning

3.1. Introduction to Plasma Cleaning:

This chapter will discuss the use of hollow cathode plasmas as a technique to clean the
surface of TCO-coated glass substrates, allowing for higher quality CdS films to be deposited.
Plasma environments are complex and chemical surface reactions can occur in combination
with physical etching of a substrate [50, 51]. If performed under suitable conditions the surface
can be cleaned quickly by ion bombardment. Oxygen (molecular and atomic) ions formed
throughout the discharge are chemically reactive and enhance the cleaning action. Although
oxygen plasma is highly reactive, interaction with the graphite walls of the source does not

significantly affect the lifetime of the source [52, 53].

Current-Voltage (JV), Quantum Efficiency (QE), Electroluminescence (EL), and Light-
Beam Induced-Current (LBIC) measurements are used to characterize the differences in the
devices made from plasma cleaned and standard cleaned TCO substrates. QE was used to
calculate CdS thickness from the Beer-Lambert Law and to quantify the blue photon generated
current. Both CdS thickness and blue-photon current were found to be affected by plasma
cleaning treatment. In addition, maps generated by scanning white-light interferometry (SWLI),
electroluminescence (EL), and light-beam-induced current (LBIC) all show uniformity

improvements with plasma cleaning treatment.
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3.2 Plasma Cleaner Hardware and Treatment:

The plasma cleaning treatment is performed using a hollow cathode plasma discharge
integrated into a heated pocket deposition (HPD) source [29, 26, 54]. It is noted that a HPD
source is similar to a close space sublimation (CSS) source. Two anode configurations were used
to drive the hollow cathode discharge (Figure 28). One anode design utilized a single tungsten
wire spanned across the graphite source (Figure 28B). As described by Gueroult et al. [55], a
wire-anode plasma source is a type of low-pressure, hollow cathode gas discharge where the
electron mean free path exceeds the discharge chamber length scale, electrostatically confining
the electrons. The wire-anode configuration enables low pressure (40-400 mTorr) gaseous
discharges to be sustained at low applied voltage (~300-500 V) within a source with a
characteristic dimension of a few centimeters. The top surface of the plasma discharge is
contained by the TCO-coated glass substrate. In parallel with this plasma cleaning study on
solar cell effects, Metz [54] has performed experimental characterization of the plasma

properties within the plasma cleaner.

The TCO coating on the glass has a fluorinated tin oxide conductive coating (Figure 14),
which is grounded to the walls of the graphite source. lons are formed within the plasma source
at a potential close to the wire anode, and they accelerate from this potential to the cathode
potential through a thin sheath that separates the bulk of the plasma from the pocket walls and
the TCO-coated glass substrate. For our operating conditions the acceleration process within
the sheath is collisionless, and hence, the ions strike the substrate with energy close to the

anode-cathode potential difference. The ion bombardment removes contaminates via both
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physical and chemical etching and the removal of chemisorbed oxygen from the TCO surface
[56]. Plasma density and electron temperature have been measured within the source to be
between 10°-10" m™ and 0.5-1 eV, respectively, depending upon operating pressure, gas
composition, and discharge power setting [54]. Over these operating conditions, discharge
voltage and ion bombardment current density vary from 350-450 V and 0.05 — 0.8 mA/cm?,

respectively.

The wire anode configuration was found to be undesirable for several reasons. For
instance, the wire location resulted in thermal non-uniformity on the TCO substrate. In
addition, the non-graphite wire composition allowing for possible contamination, and the small
diameter anode wire made the source difficult to maintain and repair. To address these issues,
the discharge source was redesigned with plate anodes. The plates were manufactured from
graphite and placed inside the wall of the source pocket (Figure 28A). This configuration
produced similar plasma characteristics to the wire anode [54]. Figure 27 shows that the plate
anode operates at discharge voltages ~75 V greater than the wire anode over a pressure range

from 50 to 200 mTorr.
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Figure 27 Comparison between wire and plate discharge voltage at various background
pressures.

The initial neutral pressure condition of 40 mTorr for the plasma cleaner was
established by the process conditions used in the current cell manufacturing process. However
through visual uniformity, ease of ignition, and power supply voltage limitation for ignition, a
higher pressure of 200 mTorr was selected for operation of the plasma cleaner. An inline
plasma cleaner bay was incorporated into the load lock of the single-vacuum CdTe solar cell
manufacturing chamber to allow for plasma cleaning at 200 mTorr (Figure 15). The power
supplied to the plasma source was determined by the lowest discharge current that yielded
visual uniformity. This operation condition of 0.22 mA/cm? (~400 V) for 30 sec in an N0, (2%
0,) back ground gas was maintained for all preliminary testing. Once full device
characterization testing was initiated, the plasma cleaning discharge power was varied to
determine an effective plasma cleaner current density of 0.11 mA/cm?. Assume preliminary

operation parameters unless otherwise stated.
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Figure 28 Hollow-cathode glow discharge integrated into a source design for plasma cleaning,
A: Wire anodes, B: Plate anodes.

3.3 Results and Discussion

The hydrophobicity of the TCO films were measured using a deionized water contact
angle goniometer. The first image in Figure 29 is a droplet placed on a substrate that had
undergone a standard cleaning process, which includes a detergent rinse, deionized (DI) water
rinse, and an isopropyl alcohol (IPA) rinse. Note that the detergent and DI water rinses where
performed in an ultrasonic cleaner. The second image is of a substrate that underwent the
standard cleaning process and then was exposed to plasma for 30 sec. The plasma cleaned
surface resulted in an immeasurably low contact angle, this hydrophilic behavior suggests
improved removal of contaminates from the surface. It is expected that contaminates left over
from manufacturing and handling of the substrates are not completely removed by the industry

standard cleaning process and require a further plasma cleaning to be remove.
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Figure 29  Contact angle on standard cleaned and plasma cleaning TCO.

r_Angle: 16.1 Degrees

Figure 30 shows AFM images of the TCO after a standard cleaning, a 0.11 mA/cm?
plasma cleaning (30 seconds), and a 0.44 mA/cm? plasma cleaning treatment (30 seconds). AFM
images show a slight increase in surface roughness upon a low current density treatment of 0.11
mA/cm?. With an increase in plasma cleaning current density to 0.44 mA/cm? there is no
continued increase in roughness (Table 1). This increase in surface roughness suggests an ion

etching effect to the surface.

0.11 mAfcm?

Figure 30  AFM of standard and plasma cleaned TCO samples.
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Table 1  Roughness values for Figure 31 AFM images.

Film | 1m0 | To | Tco

Plasma Treatment Current Density I 0.0 I 0.11 | 0.44 mA/cm?
RMS Roughness | 14.619 | 16.835 |16.849 nm
Average Roughness I 11.82 | 13.564 I 13.27 nm

If an aggressive plasma cleaning treatment is preformed the transmission of the TCO film
is affected. As Figure 31 shows, with an increasing treatment time or current density a decrease
in transmission across the 300-650nm spectrum develops. This is hypothesized to be a result
from the preferential sputtering of the SnO,:F film, leaving behind a tin rich surface resulting in
the reduction of transmission. However the utilized plasma cleaning treatment discussed below is

well below these aggressive treatments and result in no measurable change in TCO transmission.

©1 N/ —~ 807
70 - //& 70
3 £ 60 -
S 60 = (] E
S E 8 :
@ 50 E / =——TCO Standard Cleaned 2 5o , Standard Cleaned
€50 £ 30

TCO Plasma Cleaned Ssec 2 E l ——TCO Plasma Cleaned 0.362 mA/cm2
s 40

R EE——

S 40 —
o E ———TCO Plasma Cleaned 0.506 mA/cm2

TCO Plasma Cleaned 30sec 3 30

E ———TCO Plasma Cleaned 0.651 mA/cm2
=——TCO Plasma Cleaned 60sec 20 £

20 g ——TCO Plasma Cleaned 0.795 mA/cm2

30 I
|
/

E =—=TCO Plasma Cleaned 5 min I

10 = 10 /

é / 0: \\II{\I\\\\\\\{\\I\\II\\II\\II\\I\{
0 O O T O O T T Y

‘ : ‘ ‘ 250 350 450 550 650
Wavelength (nm)

250 350 450 550 650
Wavelength (nm)

Figure 31  UV-Vis Transmission of TCO films at varying A: Plasma treatment time B: Plasma
current density.

CdTe cells typically maintain a nearly constant V,. when CdS thickness is greater than a
given value, but significant decreases in V. and loss of cell efficiency below that value. Figure

32 shows the amount of blue current (from photons with energy above the CdS band gap, ~500
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nm) and the corresponding Voc from a set of cells with varying CdS thickness. At CdS
thicknesses below approximately 90-110 nm, the cells experience a reduction the V.. that
dominates the cell efficiency. This results in an optimum CdS thickness where V. has not shown

a significant decrease and current loss due to blue light (CdS) absorption is low.
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Figure 32 Open-circuit voltage and short-circuit current density vs. CdS thickness.

The current density used for plasma cleaning affects the CdS thickness (Figure 33).
When a low plasma current density (dashed red line) is applied, the thickness of the CdS is less
than on the adjacent cell without plasma cleaning, as shown by increased blue photon quantum
efficiency response in Figure 33. With larger plasma-cleaning current densities, the CdS
thickness increases gradually (dotted red line) and eventually surpasses the standard treatment

thickness (solid red line). There is not a good explanation for the variation in CdS thickness with
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the aggressiveness of the pre-deposition plasma cleaning. What is clear is that even with

thinner CdS following plasma cleaning, the cell voltage is increased, as described below.
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0.8 -
)
(%]
c
2
© 0.6
E Thinner CdS
11}
=
‘é 0.4+ CdS Thickness
3 — Standard Cleaned 110 nm
0.2 - \L — - Plasma Current0.11 mAlcm® 95 nm
----- Plasma Current 0.33 mA;‘crn2 107 nm
Thicker CdS | __ plasma Current 0.44 mA/cm’® 125 nm
0.0 B T T T | ]
400 500 600 700 800 900

Wavelength (nm)

Figure 33  QE at varying plasma cleaning treatment current densities.

For a direct comparison of cells with and without plasma cleaning, Figure 34 shows two
cells where the CdS deposition time was adjusted so that both CdS thicknesses are very close to
65 nm (which is in the region of decreasing V.. as shown in Figure 32). The two cells had a
nearly identical J,c of 24 mA/cm?. The voltage of the plasma treated device, however, was 80

mV greater than the standard-treated device at this CdS thickness.
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Figure 34  J-V Curves of standard and plasma cleaned TCO at a CdS thickness of 65 nm.

There are cell-to-cell variations in how much current and voltage increases when low
current plasma cleaning is employed. In all side-by-side comparisons, however, the plasma-
cleaned cells had both higher current and higher voltage. Figure 35 demonstrates voltage and
efficiency for a broad range of cells produced with and without plasma-cleaned TCO. The
standard cleaned TCO cells begin to degrade in Voc at around 90-110 nm, while the plasma
cleaned TCO cells maintain V.. down to 60-70 nm. The cell efficiency difference between
plasma cleaned and standard cleaned near 65 nm was 1.6 % absolute. At larger CdS thicknesses
above 100 nm, the plasma cleaning treatment shows only marginal increases in cell
performance compared with standard cleaning. Note that CdS thicknesses above 100nm result
in lower cell efficiency due to decreased current from CdS. At thicknesses below 100nm, cell

efficiency drops due to decreasing V.. as discussed above.
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Efficiency (%)

Figure 35 Open-circuit voltage vs. CdS thickness at plasma cleaned and standard cleaned

range of temperatures. Figure 36 shows that the y-intercept, or built-in-voltage of the plasma-
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conditions.

Further J-V investigation of the cells in Figure 34 reveals a constant offset of V. over a

cleaned cell, is improved to a value approximately equal to the CdTe band gap.

improvement can be attributed to the removal of pinholes between the TCO and p-type CdTe.

The parallel slopes imply no other significant effects.
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Figure 36 Temperature depended JV for plasma and standard cleaned TCO Parameter.

Table 2 gives a summary of representative cells with three different categorized CdS
thicknesses, a thick (120nm), thinner (105nm), and thinnest (65nm) condition. At these three
CdS thicknesses devices generated on standard cleaned and plasma cleaned TCO’s are
compared. Note that the cells with each categorized cells have are nearly the same thickness.
As expected, in each category the current density is also nearly the same, however fill factor is
increased after plasma cleaning, and the voltage is significantly increased for thinner CdS after

plasma cleaning.
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Table 2 Comparison of performance parameters at varying CdS thicknesses.

Thick Thinner Thinnest
Parameter Standard Plasma Standard Plasma Standard Plasma
Cleaned Cleaned Cleaned Cleaned Cleaned Cleaned
CdS Thickness (nm) 125 123 109 104 65 63
Vae[V] 0.775 0.782 0.774 0.79 0.681 0.772
I\ Jsc[rnhfcm‘“-] 22 22.4 22.3 22.7 239 24.0
Blue Jsc[mA/cm?] 0.84 0.88 1.11 1.2 2.18 2.24
Fill Factor[%] 69.2 70.3 69 70.5 66.6 67.3
Efficiency([%] 11.8 12.3 11.9 12.6 10.8 124

Electroluminescence (EL) intensity correlates well with cell voltage for CdTe [48]. Figure
37 shows a side by side comparison of the EL performed on the cells in Table 2. It is clear that
the plasma-cleaned cells have a larger and more uniform EL signal. This agrees with the higher

Voc measured by J-V and suggests a more uniform growth of the device.
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Figure 37 EL of plasma and standard cleaned TCO cells at varying CdS thicknesses.

Light-beam-induced-current (LBIC) results also demonstrate an improvement in
uniformity of plasma-cleaned cells. Figure 38 compares the two thinnest CdS samples from
Table 2 at short circuit and with a forward voltage bias approaching V. At zero voltage bias,
both cells are relatively uniform over the whole area, with a few extra localized defects on the
standard cleaned sample. At forward bias, however, the non-uniformity is enhanced,
accentuating the weak diodes. The plasma cleaned samples show better uniformity than the

standard cleaned sample, both in the map and more clearly in the histogram.
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Figure 38 LBIC spatial maps of standard and plasma cleaned cells with and without forward
voltage bias (top). The histogram demonstrates the spatial uniformity at bias (bottom).

Plasma cleaning of the TCO-coated glass prior to the deposition of CdS/CdTe solar cell
led to improved photovoltaic efficiency of as much as 1%:% absolute through increases in both
current and voltage. The current increases resulted from thinner CdS following the plasma

cleaning, and the improved voltage from pinhole reduction. The voltage increases were
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constant with temperature and consistent with the average electroluminescence intensity.
Improvement in cell uniformity from plasma cleaning was demonstrated with maps from
scanning-white-light-interferometry, light-beam-induced current in forward bias, and EL

intensity.

3.4 Scaling of Plasma Cleaning

With investment from Abound Solar, the project was scaled from the 3.6” x 3.1”
substrate plasma cleaner, utilized by CSU’s manufacturing lab (Figure 39A), to a 10” x 10”
plasma cleaning source. The scaled plasma cleaner was designed to plasma clean the center 10”
x 10” area of the 16” x 16” cells produced at Abound Solar’s R&D facility (Figure 39B). The 10” x
10” prototype plasma cleaner utilized both wire and plate anode configurations and maintained
similar plasma characteristic properties [54]. The 10” x 10” cleaner netted similar results to the
3.6” x 3.1” source, allowing reduced CdS thickness at no V.. loss. With the successful scaling to
the R&D line a collaboration was formed to scale the plasma cleaner design to a 2’ x 4’
prototype (Figure 39C). The 2’ x 4’ plasma cleaner was built and tested at CSU and then used for
in-line plasma cleaning at the Abound manufacturing plant. The 2’ x 4’ cleaner allowed for
similar results to CSU’s 3.6” x 3.1” source and Abound Solar’s R&D 10” x 10” sources. Figure 39
illustrates the design process from concept to implementation and to production on all three
scales. Note the formation of plasma beads on the anodes of the 2’ X 4’ source were removed

with improved anode material quality.
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Figure 39 Development progression of plasma cleaner technology from research, prototype,
to full scale production A: (3.6” x 3.1”), B: (10” x 10”), C: (2’ x 4’).
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Chapter IV Plasma Enhanced Close Space Sublimation

4.1 Introduction to Plasma Enhanced Close Space Sublimation

With the recent successful scaling of the plasma cleaner and with the proven scalability
of inline close space sublimation (CSS), the next research thrust was to incorporate plasma
enhanced techniques into other stages of the in-line CdTe manufacturing process. To do this a
hollow cathode plasma cleaner-like discharge was incorporated within a CSS source to allow the
sublimating material and the film growth surface to be modified during deposition. This process
is referred to as plasma enhanced close space sublimation (PECSS). It was first utilized in this
thesis to widen the band gap of the window layer material (CdS) while simultaneously
maintaining the rapid deposition rates of the original, non-plasma-assisted CSS process. A wider
band gap window layer could be made thicker and would simplify cell fabrication by eliminating
the necessity to control CdS thickness to values slightly above the voltage cliff (Figure 32). In
previous work by Wu et al. and Kephart et al., high efficiency devices were generated by the
addition of oxygen to the CdS [19, 57]. The following sections discuss how PECSS was used to
incorporate oxygen in CdS. Full devices were fabricated with these films and performance data

were compared to standard devices.

4.2 Apparatus and Procedure

Figure 40 shows the cross sectional geometry of a plasma source integrated into a CSS
deposition source used at CSU [29, 30]. The PECSS design uses an increased pocket depth
compared to the standard CSU pocket, and a mesh is added above the wire anode to better

control plasma parameters. Similar to plasma cleaning, the wire anode is biased positive of the
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grounded cathode surface to ignite and maintain the primary plasma discharge. The stainless
steel or graphite mesh contains the primary plasma and keeps it from directly interacting with
the substrate. The plasma present between the mesh and the substrate is referred to as the
drift plasma (Figure 40). There are two primary effects to material deposition by integrating the
plasma into the CSS deposition source. First, the primary plasma breaks up the injected gas into
various atomic and ionized states, allowing different compounds to form from the sublimating
material and plasma products. Second, the ions from the drift plasma bombard the substrate

and ion assist the growth of the film, which can be used to control grain size and structure.

Vacuum Boundary Vacuum Boundary
TCO- Coated Substrace
___Q’ﬁ"f’i‘t*'l____l
. \ .
Wire Anode |, phirect Gas lon assist
—1 Input
. Dwells ~ Material
Cathode Containing Modification
Semiconductor
Material

Figure 40 Sketch of plasma enhanced close space sublimation (PECSS) showing A: Geometry
B: Plasmas regions.

The PECSS source was installed in an in-line deposition system and used to produce
CdS/CdTe devices. The PECSS hardware uses a tungsten 0.25mm wire as the anode and a
woven 50% open stainless steel or 33% open graphite mesh to contain the primary plasma. The
plasma is ignited and sustained by a Glassman High Voltage 300 W power supply. To improve
uniformity the plasma discharge was pulsed using a function generator connected to the power
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supply. A controlled ratio of N, and O, gas was directly injected into the pocket. The plasma
discharge and deposition were performed at 40 mTorr, which was defined by CSS process
conditions currently used at CSU in the inline cell fabrication tool. The following parameters
were fixed unless otherwise stated. The plasma was pulsed at 20 Hz, gas was injected at 1 sccm,

gas composition was 80% N,, 20% O,, and the average plasma power was ~25 watts.

4.3 Results of CdS:O films and devices created using PECSS

Figure 41A depicts a SEM image of a CdS film deposited using the standard (non-plasma
assisted) close space sublimation source. The film exhibits a crystalline structure with grains on
the order of 100-300 nm in size. Figure 41B shows an image of a CdS:O film deposited with
PECSS, the film indicates a strong reduction in grain size down to 20nm. This reduction in grain
size agrees with results from CdS:O films generated using RF sputtering [19]. To determine
whether the CdS was incorporating oxygen into the film; UV-Vis, XPS, and EDS analysis were

performed.

SEI 150kV X100,000 100nm WD6.1mm

EM Center SEI 150KV X50,000 100nm WD 10.5mm

Figure 41 SEM planer Images A: CSS CdS (50,000x), B: PECSS CdS:0 (100,000x).
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Figure 42 compares UV-Vis measurements of CdS and CdS:O films that were 170 nm in
thickness. It is important to note that any drop in transmission within the AM 1.5 solar sun
spectrum translates to a reduction in device current and ultimately performance. The CdS film
data show a band gap at ~500 nm (2.4 eV), and as discussed in Chapter 3, this can reduce short
circuit current by 4.6 mA/cm?. However, by using PECSS, the band gap of the film was widened,

reducing CdS absorption and suggesting that oxygen was incorporated into the CdS.
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Figure 42 UV-Vis Measurement of CdS and CdS:O of films that were 170 nm in thickness.

Figure 43 shows an XPS wide spectrum sweep of the CdS:O film that was acquired to
quickly assess material composition. The wide spectrum sweep reveals an oxygen peak along
with cadmium, sulfur, and carbon. Concentrations of these constituents are displayed in the
legend, but are considered to be approximate as the resolution is low in a wide spectrum
sweep. To increase resolution the sweep rate was reduced and centered on the elements;
cadmium, sulfur, oxygen, and carbon that were uncovered in the preliminary spectrum.
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Figure 43  XPS Spectrum Sweep of CdS:0 PECSS Sample at 50% N, — 50% O, injection ratio.

Table 3 summarizes concentrations of the four elements of interest and was performed
for three different gas injection ratios. It is noted that the film was exposed to atmosphere
before performing XPS measurements allowing absorption of atmosphere gases onto the
surface of the film. Consequently, argon sputtering was used to remove the surface absorbed
contaminates. Specifically, the film received a 2 kV, 180 second Argon sputter treatment. It is
noted that these films all have the same ~120 nm CdS and CdS:O film thickness and the ion etch

removes ~% of the CdS or CdS:O film.
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Table 3 Concentration of key elements vs. injection gas ratio measured with XPS.

Gas Injection Ratio

No Injection 80% N, -20% 0, | 50% N, -50% O,
No Plasma PECSS PECSS
Cadmium (Cd) 55% 55% 55%
Sulfur (S) 44.9% 34% 12.5%
Oxygen (O) 0.0% 10% 32%
Carbon (C) 0.1% 0.5% 0.5%

9% JIWO0IY

Figure 44 displays XPS oxygen peaks for the CdS and CdS:O films at the three different
gas injection ratios. The CSS deposited CdS film shows no oxygen incorporation, but upon direct
injection of a low concentration of oxygen (20% O,) into the plasma enhanced source, oxygen
was incorporated into the film at moderate atomic concentrations. As the gas injection ratio
was increased to a higher concentration (~*50% O,), the oxygen incorporation into the film
increases to 30%. This suggests that the amount of oxygen incorporated into the CdS film was
controlled by the concentration of oxygen being flown into the pocket when plasma conditions

were fixed.

The two separate peaks in Figure 44 represent the oxygen sitting at two different energy
states within the material. Using the National Institute of Standards and Technology (NIST) XPS
database the peak on the left was identified as cadmium sulfate (CdSO,4) while the peak on the
right was cadmium oxide (CdO) [58]. As the oxygen injection ratio was increased the CdO peak

increases, with the CdSO,; peak remaining constant. From inspection of Table 3, one can
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conclude that the atomic percent of cadmium remains constant for all of the films. As the
oxygen peak increases however, the sulfur peak decreases, which implies that oxygen was

replacing sulfur.
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Figure 44  XPS sweep of oxygen peak with high and low oxygen concentration.

Since the films received a sputter treatment at energies high enough to break bonds and
preferentially sputter material before collecting XPS data, it is important to note that film
composition can be altered. Sample transportation in clean inert environments and lower

energy cleaning techniques might improve XPS concentration accuracy [59].

Figure 45 compares EDS data of a CSS CdS film to a PECSS CdS:O film. EDS was

performed at 15kV and results in a tear drop penetration of the EDS electron beam into the
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film. This results in an X-ray response from both the CdS layer and the underlining TCO layer,
and it is concluded that the small oxygen peak present in the CSS film is most likely from the
TCO. Figure 45B shows a significant increase in oxygen concentration from the sample receiving
the plasma enhanced treatment along with a compensating decrease in sulfur. With both films
being the same thickness, the EDS data imply that the plasma enhanced sample has

incorporated oxygen, supporting the XPS data above.
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Figure 45 EDS of A: CSS CdS and B: PECSS CdS:O.

The CdS and CdS:O films were then processed through the CdTe in-line deposition
system to form CdS/CdTe and CdS:0/CdTe devices. Figure 46 shows an improved blue photon

QE response of the PECSS CdS:0/CdTe device in comparison to the CdS/CdTe device. Similar to
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results shown in UV-Vis data in Figure 42, the incorporation of oxygen has resulted in a
reduction of blue photons being absorbed with in the window layer. This results in an increased
current from the cell, a cell response that is similar to thinning the CdS without the danger of

reducing the cell voltage.
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Figure 46 QE of CdS and CdS:0 samples.

Figure 47 demonstrates the J-V curves for the CdS and CdS:O devices. The voltages of
the two cells are similar, resulting in an improved efficiency from the CdS:0 device. With similar
fill factors, open circuit voltage, and improved current density; the PECSS source mimics
improvements shown in creating CdS:O films with RF sputtering techniques. The PECSS process
incorporated oxygen into the film to concentrations similar to Wu el al. [19, 57] and increased

cell efficiency by 1.2%.
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Figure 47 J-V of CdS and CdS:O films.
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Chapter V  Conclusion and Future Work

There is a growing environmental and economic need for alternative energy production.
Solar energy provides a clean and abundant solution for this need. With many potential solar
cell technologies, CdTe thin film photovoltaic cells demonstrate a near optimal Shockley-Quasar
band gap and proven scalable methods exist for manufacturing. What is needed to make the
CdTe cell more economically viable is to further reduce cell production cost while
simultaneously improving cell efficiencies. This thesis presented two solutions for improving the
CdTe solar cell efficiency. First, the development of an inline plasma cleaning treatment of the
transparent conductive oxide (TCO) was described for improving surface cleanliness prior to
film deposition. Second, the sublimation deposition processes used at CSU was enhanced by
incorporating the plasma cleaning discharge into the CSS source. This plasma enhanced close
space sublimation (PECSS) process was used to incorporate oxygen into the CdS window layer
to increase its transparency. Both plasma cleaning and PECSS processes have been used to

fabricate CdS/CdTe solar cells and have demonstrated cell efficiency improvements.

5.1 Plasma Cleaning

Plasma cleaning of the TCO-coated glass prior to the deposition of the CdS/CdTe solar
cell strongly affects to the TCO surface, the subsequently deposited CdS film, and CdS/CdTe
devices. First, the plasma cleaned TCO film exhibits increased hydrophilic behavior, which
indicates a reduction or elimination of surface contaminates. When CdS films are deposited
onto a plasma cleaned TCO surface poor growth regions (pin holes) are eliminated compared to

CdS films deposited on substrates that use industry standard cleaning techniques. Cells
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manufactured on plasma cleaned TCO resulted in improved photovoltaic efficiency by as much
as 1.5%. The cell current was increased from (1) the ability to thin CdS by ~20nm at no Voc loss
and (2) by improved voltage at all CdS thicknesses from eliminating pinholes. The voltage
increases observed on plasma cleaned devices were constant with temperature and consistent
with the electroluminescence intensity. The cell uniformity was improved by plasma cleaning as
demonstrated with maps collected using scanning-white-light-interferometry, light-beam-

induced current in forward bias, and electroluminescence.

The plasma cleaning process was scaled from the CSU 3.6” X 3.1” research device to a
10” x 10” R&D device, and then to a full production scale at 2’x4’. The sources were developed,
built, and tested at CSU and devices fabricated with both the R&D and production scale plasma

cleaners demonstrated similar efficiency improvements as shown in Chapter Ill.

5.2 Plasma Enhanced Close Space Sublimation

With the recent successful scaling of the plasma cleaner and with the proven scalability
of inline close space sublimation (CSS), the next research thrust was to incorporate plasma
enhanced techniques into other stages of the in-line CdTe manufacturing process. To do this a
hollow cathode plasma cleaner discharge was incorporated within a CSS source to allow the
sublimating material and the film growth surface to be modified during deposition. This process
was termed plasma enhanced close space sublimation (PECSS). It was utilized in this thesis to
widen the band gap of the window layer material (CdS) while simultaneously maintaining the
rapid deposition rates of the original, non-plasma-assisted CSS process. By using the plasma

enhanced CdS source oxygen was incorporated into CdS, widening the band gap and resulting
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in improved device current at no voltage loss. Oxygen incorporation in CdS was presented with
XPS and EDS data, showing a relationship between the injection gas composition and the
percent of oxygen incorporated into the CdS film (CdS:0). The wide band gap of CdS:0 reduced
the absorption of high energy blue photons as demonstrated with UV-Vis measurements of
CdS:0 films and QE measurements on completed devices. The CdS:0/CdTe devices
demonstrated increased cell current (Jsc) at a constant cell voltage response resulting in an

efficiency improvement of 1.2% compared to control CdS/CdTe devices.

5.3 Plasma Cleaning Future Work

The plasma cleaning treatment has utilized the same process gas since preliminary set
points were established. As plasma power and time were investigated, the gas composition was
maintained at 98% N, - 2% O, concentration, which is the gas composition used within the in-
line CdTe manufacturing process at CSU. This background gas will affect plasma properties and
the resulting surface conditions [23, 60]. To further reduce CdS thickness requirements and

increase voltage, different oxygen concentrations in the background gas should be investigated.

To limit inducing unintentional variability the post treatment conditions of the devices
grown on plasma cleaned and standard cleaned TCO substrates were held constant over
varying CdS thicknesses. To enhance the plasma cleaning effect, the post-treatment conditions
should be varied to establish new set points for the thinner, pin-hole free CdS, from plasma
cleaned TCO. The post-treatments include the passivation of CdTe with CdCl, and doping of the

back of CdTe with CuCl, treatment [29].
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5.4 Plasma Enhanced Close Space Sublimation CdS:O Future Work

Figure 48 shows UV-Vis data of CSS CdS and PECSS CdS:O films and the QE response of
those exact same films after being made into devices. The difference in UV-Vis data of the CSS
CdS and PECSS CdS:0 is 10%. After those films are processed to full devices the blue photon QE
response displays a 40% increase. This drastic increase in QE response should be investigation

further to uncover why this is occurring.
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Figure 48 UV-Vis and QE of CdS and CdS:O.
5.5 Plasma Enhanced Close Space Sublimation Future Work

The recent record cells generated for CdTe have focused on improving the short circuit
current parameter of the cell [19, 61]. Using methods such as thinning CdS, CdS:0 and
addressing glass losses such as reflection, glass absorption, and TCO absorption. First Solar’s

record cell revealed a short circuit current of 27.23 mA/cmZ, obtaining ~90 % of available
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current. The dominant problem that remains is the excessive voltage losses that are observed
in CdTe cells (21). The First Solar’s record cell, and all record cells before it, have an open circuit

voltages around 0.850 V, which represents only ~75% of the available voltage.

To further improve CdTe cells, innovative ideas are needed to improve the open circuit
voltage. Potential solutions to this issue include the formation of an electron reflector, use of
single crystal CdTe, or increased doping of the CdTe film. Currently the fabrication of an
electron reflector is being developed at CSU. An Electron reflector uses the formation of a high
band gap material placed within the depletion region of the cell near the back contact to allow
the formation of a conduction band barrier [30]. Single crystalline CdTe would essentially
remove any grain boundaries from within the depletion width and would reduce recombination
and defects, but this requires CdTe fabrication technologies with unproven scale-ability. With
the development of PECSS the increased in situ doping of polycrystalline CdTe is possible while
maintaining the rapid deposition rates of CSS. As shown in Chapter 4, gas injection composition

and plasma parameters could be adjusted to modify the semiconductor film.

Currently the sublimated CdTe has a carrier concentration ~10"* cm?3, with CdTe
absorbing 99% of light at 1 um thickness, a carrier concentration around 10™® cm™ would allow
for better matching of the depletion width to 1 um and for an increase in voltage. With the
plasma enhanced close spacing sublimation source, CdTe would be sublimated through plasmas
containing known dopants, such as nitrogen and arsenic for example to dope the film and

increase free carrier concentration.
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5.6 Plasma Enhanced Close Space Sublimation CdTe:N Future Work

For preliminary results of increased CdTe doping, nitrogen was introduced into the
plasma enhanced environment during CdTe deposition (CdTe:N). The PECSS CdTe:N results in a
decreased grain size compared to untreated CdTe films. The cell, prior to CdCl, treatment,
exhibits an enhanced open circuit voltage increase of 10% over standard pre-CdCl, treated cells.
After CdCl, treatment the CdTe:N films exhibit a visual difference densification of grains (Figure
49 A&B). As shown in Figure 49D, there is a decrease in grain size along with reduced open area
between grains. The CdTe:N film results in a 9% increase in open circuit voltage of the cell
compared to the control CdTe sample. However, the CdTe:N cell voltages are still within the
standard record cell voltages generated in the CSU inline CdTe manufacturing tool. In future
work further investigation of plasma parameters and gas composition to improve cell voltages

should be investigated.

CSS CdTe PECSS CdTe:N

r
15.0kV  X15,000 1pem WD 9.9mm EM Center S 150KV X15,000 1gem

Figure 49 SEM Image of CdTe sample with CdCl, post-treatment A: CSS CdTe, B: PECSS
CdTe:N.
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