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ABSTRACT

The use of renewable and sustainable energy sources such as solar cells have been
increasing slowly and gradually. With the rapid increase and growth of solar photovoltaics
(PV) production, approximately 22% from 2010 to 2020, high number of PV cells are being
manufactured annually. Solar cells have been proven to be an efficient source of renewable
energy because of their availability, installation, and affordability. Among all the different
types of solar cells, thin-film PV has several advantages over other technologies because
of its need for relatively fewer resources, ability to fully automate fabrication process, and
the option to fabricate on a more affordable substrate. Nevertheless, the manufacturing
process of these thin-film solar cells still involves several critical steps. For example, they
still rely on conventional method of laser scribing techniques which in addition to being
time consuming, has several reliability issues as well.

In this project, the theory of threshold switching method is experimentally verified on
Cadmium Telluride (CdTe) PV. The study was conducted by applying different voltage
bias configurations to the sample. A drastic decrease in the resistance was observed. The
time lapse study of decreased resistance was conducted, which proved that the resistance
change is indeed a permanent phenomenon. Our experimental results of threshold
switching indicates that this could potentially lead to a scribe-less technology in
manufacturing of solar cells which may potentially lead to an increase in manufacturing

reliability and efficiency.
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Chapter I
1. INTRODUCTION

1.1 Background

As we navigate the challenges of meeting our growing energy needs, it’s crucial to find
sustainable alternatives to non-renewable sources such as crude oils, coal, and natural gas.
These sources are finite and have detrimental environmental impacts, raising concerns
about their sustainability. It’s imperative to invest in innovative, eco-friendly ways to
power our world while preserving our resources.

With the excessive use of fossil fuels, global warming has been one of the major issues of
our century. Solar energy is one of the clean and sustainable alternative sources of energy.
Photovoltaic (PV) technologies have grown as one of the sustainable fields of research with
thousands of publications and patents [1]. French physicist Alexandre-Edmond Becquerel
discovered photovoltaic effect in 1839, which is known to be an effect that converts solar
energy to electrical energy [2]. After more than a century around mid-1900’s production
of PV cell started in Bell laboratory which resulted in high demand for the PV industry
over the world with growth rate of 40% per year [3].

There are various types of PV cells available in the market. The two major commercially
available solar cell technologies are crystalline silicon technology and thin-film
technology. Crystalline silicon technology comprises of monocrystalline, polycrystalline,
PERC, half-cell, double glass, bifacial, GaAs and HIT modules. Abundancy of silicon on
earth facilitated crystalline silicon technology to consume most of the PV market earlier.
Crystalline silicon PV represented 90% of the total PV cell production in 2008 [4].

However, the life span for PV generated using this technology is nearly 20 years. PV
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modules are required to supply electrical power to many applications and are assembled
by interconnecting different numbers of solar cells depending upon the application [S]-[7].
Rapid failure of the interconnections has been key challenge for silicon crystalline
technology as these interconnections are necessary as electrical, thermal, and mechanical
contacts between the electrodes and semiconductors [2], [5], [8]. In addition to this, large
production of PV has skyrocketed in term of production cost. Therefore, in recent years to
overcome the challenge of silicon wafers thin-film PV is growing at a fast pace, rising to
0.6-2.7 TW, by 2050 [3], [9].

Thin-film technology comprises of four major types: amorphous, CdTe, CIGS, and organic
solar panels. The demand of thin film is high in the sustainable market because of its low
production cost, semiconductor material used, easy installation, light weight, and
flexibility. The production of thin-film PV may be fully automated too. The use of low
semiconductor material and the flexibility of using an inexpensive foreign substrate, like
low-cost soda lime glass, reduces the production cost [3], [10]. However, the production
of the thin-film solar cells involves the use of expensive lasers involved to isolate the cells
and create an interconnection pathway between. The types of scribing used for
manufacturing of thin-film solar cells are P1, P2, and P3 patterning [11]. In order to
eliminate pitfalls of commercial solar cell manufacturing, we focus on threshold switching
phenomenon. This phenomenon can simply be described as a well-controlled process with
a defining property of drastic decrease in resistance under electric field after a certain
threshold value is exceeded. It creates a narrow conducting filament via characterization

re-arrangement of structural defects, impurities, or electric dipoles. Various materials and



metal oxides have been shown to exhibit threshold switching [12]. It can be an essential
building block of electronic circuits and systems.

Thus, in this study we focus on this phenomenon of threshold switching and experimentally
verify it on CdTe PV which could potentially lead to scribe less technology during the
manufacturing of thin-film PV resulting into reduction of the cost added using expensive

laser technologies.

1.2 Motivation

Climate change is one of the major issues that the world is facing now. With the global
increase in temperature by one degree Celsius over the last century [1] PV have been the
best alternative source of renewable energy, among which thin film is becoming more
popular in the sustainable market. Yet, manufacturing of this best alternative source is
expensive.

Scribing is an extra step which is involved in manufacturing of conventional thin films.
Laser scribing is used for cell isolation and to create a connecting path between contacts in
PV cells. Each extra step during manufacturing can be seen as a has a potential “point of
failure”. Thus, reducing the steps could potentially lead to more efficient method of
manufacturing PVs in terms of reliability and cost. Thus, the motivation for this study lead

into the direction where manufacturing cost of thin-film PV can be reduced.

1.3 Purpose

The purpose of this thesis is to study the threshold switching phenomenon in thin-film

CdTe PV and the impact in the manufacturing process by reducing the cost by eliminating
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the expensive laser scribing technique. Currently, expensive laser scribing technique are
used to create a conductive path during manufacturing of thin-film solar PV, while the
threshold switching phenomenon creates a conductive path through solar PV to contact the
buried electrode which could potentially eliminate the use of expensive laser scribing

techniques used.

1.4 Objectives
The objective of this study is:
e Design an experiment to verify the threshold switching phenomenon in CdTe PV.
e Reliability study of created contact.
e Characterization of the thin-film sample.
e Study the characteristics curve of the sample across front and back contact.
e Deposit circular chromium dots to eliminate the layer of back contact.

e Experimentally verify threshold switching phenomenon on Cr dotted PV sample.

1.4 Organization

This work is divided into 5 chapters. Chapter II provides the literature review on PV,
Manufacturing of thin-film, Electrical contacts, threshold switching, and characterization
techniques used in the study. Chapter Il represents and discusses the experimental methods
carried out, chapter IV provides the results, and chapter V summarizes the content and

conclude the research work.



Chapter 11

2. Literature Review

2.1 Photovoltaics (PV)

Photovoltaics is the technology that converts light into electricity. PV cells are used for the
conversion of light energy to electricity. When a sunlight strikes the PV cell the photons
are either absorbed, transmitted, or reflected; only those photons which are absorbed
provides energy to generate electricity. PV cell are made of semiconductor materials. The
semiconductor part of PV cells consists of three layers, n-layer, p-layer, and depletion
layer. The n-types material has access of electrons, depletion layers is the layer formed
between n-type and p-type layers, the p-type layer is the layer where there is access of

positively charged holes. Figure below shows the general p-n junction in PV cells.

eeeeeeeeeeee
N-type Semiconductor
ceeeeceeeeeee

0000O0O0O0OOOOO
P-N junction (Depletion Layer)
eeeeeceeeeeee

00000O0O0O0O0OOOO0OO

P-type Semiconductor
0000000OOOO0O

Figure 1: P-N junction in PV cell e- and o represent electrons and holes respectively.

Due to the electron migration from n type region to depletion region the boundary of n-
region becomes slightly positive, and p-regions becomes slightly negative due to migration
of holes in depletion region. When light strikes the PV cells it penetrates and recaches the

depletion region and these light photons are sufficient to generate electron hole pairs in the



region. The electric field in the depletion region drives out the electron hole from the
depletion region resulting in the increased concentration of electrons in n-region and holes
in p-region which creates a potential difference between them. When an external load is
connected to the n and p type region electron starts to follow towards the holes generating
electric current. Figure below represents the schematic of a solar PV cell. The
interconnection of these small PV cells results in producing enough electricity to operate

heavy electric loads.

Front contact eeeee

-region
PIee Flow of electron

) p-n junction Load to combine with

hole

n-region 1 Curent

Backcontact 000000

Figure 2: Schematic of Solar PV cell.

There are different types of PV technologies on the market. Among which thin film have
been preferred in sustainable market because they consume relatively less semiconductor
material and the fabrication process can be fully automated [3], [10]. Although there are
many merits of PV technology, it has many challenges such as the desired power generation
being lower than expected, lower threshold for corrosion, high chance of delamination,
interconnection failure due to degradation of solder joints. This leads to a decreased life

span of solar cell in addition to challenges resulting from resource availability and



environmental impact [5], [10], [13].With the increasing demand of the energy
consumption worldwide, especially for electricity, it is better to develop energy saving
technologies [14]. Thin-film PVs are one of the leading solar PV technologies that offers
the advantages of low material consumption and mechanical flexibility [15]. Thin films
technology also has the potential to produce cost effective PV-generated electronics
because of its efficiency, simple installation process and lower maintenance requirements.
There has been many studies done in thin film technology which led to it being
commercially available in marketplace [16]. The current challenges for thin-film
technology are to improve the solar cell performance for which several research on these
thin films is still ongoing [17]. Among all other thin films this study here is focused on
CdTe thin film PV.

CdTe has been one of the most popular types of thin film solar technology in use today.
The ideal energy gap of CdTe solar cell is 1.45eV [18]. CdTe solar cell have attracted
researchers’ attention worldwide over decades to develop low-cost and better efficiency
for PV solar energy conversion [19]. Numbers of research studies have been done to
improve the efficiency and decrease the cost of manufacturing in the past and there is still
ongoing research in many different laboratories worldwide. Several manufacturing
techniques has been used to manufacture CdTe solar cells and those manufacturing
techniques impact on the performance of the CdTe solar cell [18], [20]. Figure 3 represents
the sectional structure of CdTe represents glass with SnO» coated on it followed by n-doped

CdS with p-doped CdTe and metal for back contact.



Back contact metal
CdTe

Cds
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Figure 3: Cross-sectional view (not to scale) of CdTe PV.

2.2 Deposition technique

Sputtering is the process of depositing thin layer of materials onto the surface of a substrate.
Sputtering technique was first reported in early 1800s and was dominating the optical
coating market by 1880 [21]. With wide range of application sputtering technique has not
only dominated optical market but also dominated automotive, airplane, semiconductor
manufacturing industry today [21]. Using sputtering technique any material can be
vaporized. Different vacuum deposition techniques like DC, RF, Magnetron, and Reactive
are popular based on their application [22]. The general principle for the working
mechanism of all these techniques are almost same. It is possible to produce dynamically
clean surface in an inert-gas atmosphere with the base pressure of 107 torr [22]. Figure
below shows the working principle of a sputtering technique where ion from the sputtering
gas is used to hit the target that will result in the ejection of an atom from the target towards

the substrate resulting in the deposition of thin film.



Sputtering Gas | |
SN
ad

Sputtering Target

Figure 4: Working Mechanism of Sputtering deposition.

In DC sputtering the substrate is generally fixed to an anode and the material to be
deposited is mounted on cathode. Sputtering gas is slowly fed into the chamber, generally
inert gas is used as a sputtering gas. Pressure inside the chamber is pumped down to reach
base pressure of x10”7 micron and dc supply voltage is gradually increased until visible
glow above cathode. High frequency voltage is used with sufficient amplitude that creates
glow above cathode in case of RF sputtering. In technique such as RF sputtering both target
and substrate may be sputtered simultaneously [22]. Magnetron sputtering is the deposition
done in the presence of magnetic field where magnetic field applied forces the electron to
take a certain circular path about the field’s lines. The sample that has been used in this

study was prepared using vapor transport deposition and RF magnetron sputtering.

2.3 Manufacturing of thin film PV

Thin films are manufactured using both vacuum and non-vacuum techniques. Different
types of techniques that industry have been using are co-evaporation [23][24], physical

vapor deposition [24], [25], pulsed laser deposition [24], [26], chemical vapor deposition



[24], [27], metalorganic chemical vapor deposition [24], [27], electron beam deposition
[24], [28], molecular beam epitaxy [24], [29], radio frequency and dc sputtering [30]. These
are all vacuum techniques that have been popular and modified to achieve cost effective
approach so far. Among all these sputtering can produce large area which is suitable for
industrial production [24]. Also vacuum methods are more reliable and efficient during
fabrication process. During manufacturing process of thin film along with different layers
of deposition laser scribing is equally used to create a pathway for electron to reach buried
electrode. Different types of laser scribing techniques are used during manufacturing of the
thin films, among which P3 process is the most popular [31]. The two main process under
P3 process are P3 ‘type 1’ and P3 ‘type 2°. Laser scribing, done to remove the layers to
expose back contact, is P3 ‘type 1,” whereas the removal of front contact only is P3 ‘type
2’ [31]. Figure 5 represents the schematic view of P1, P2 and P3 laser scribing process

done during manufacturing of the thin film solar PV.

P2
P1 absorber 2 absorber

substrate substrate substrate

Figure 5: Isolation created to a contact using P1 scribing process (P1). Scribe done after
deposition of absorber (P2). Scribe done to expose the back contact by removing front
contact and absorber (P3).

After the deposition and scribing process during manufacture of thin film, the PV samples
are subjected to the standard anneal in the presence of CdCl, vapor, which is done to

improve the electrical characteristics of the PV manufactured [32].

The scribing techniques used by manufactures are conventional, tedious, time consuming,

and expensive. This thesis presents a study of threshold switching on CdTe thin film PV
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where a drastic decrease in resistance value across front and back contact implies that there
is a conductive shunt created where a buried electrode can be contacted. The laser scribing
techniques used in manufacturing of thin films are used to routinely contact the buried
electrode as shown in Figure 5.P3 where there is a path through contact 3 to contact 1
created using a laser scribe. This conventional technique can be eliminated, saving

resources, time, and lowering the manufacturing cost of the thin film solar PV.

2.4 Electrical Contact

Performance of solar PVs are important because of its wide range of applications. There
are numerous factors that PV cells rely on when it comes to efficiency and performance.
One of the major factors is the electrical contacts that have been used. Electrical contacts
are the pathways for electrons to carry electrical current to an external load and back to a
PV cell. Front contacts are used to carry electrons out of the cell, whereas back contacts
are used to bring electrons back to the PV cell, completing the electrical circuit. PV cells
use conducting metals as a contact. How this metal behaves in different situations
determines the performance of solar cells [33], [34]. Over the years it has been known that
the back contact layer is essential to increase the performance of PV, however, there is an
ongoing challenge in the field regarding the most appropriate and effective metal to be used
as a back contact layer. Moreover, very few studies have focused on electrical contacts,
this makes it more challenging to understand and improve the performance of the solar
cells. There are several elements used as a back contact among which only Au and Pd have
been proven to have had a better performance. However, these elements are expensive thus,

a compromise is made by replacing Au and Pd as a back contact with Mo, Ni, Sb. This
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provides a relatively increased efficiency than any other element used as a back contact
[33], [35]-[37].

Phenomenon of threshold switching creates the conductive pathway to the contact, the
buried electrode, which will eliminate the use of back contact. Thus, this study creates a
path for cost effective approach as well as decreasing the use of raw material during the

manufacturing process of thin film PV.

2.5 Threshold Switching

An article published in 1968 first talked about the rapid, symmetrical, and non-destructive
high-field electrical breakdown in thin films of a chalcogenide alloy amorphous
semiconductor, where they announced the electric field induced threshold switching.
Threshold processes for thin layers of chalcogenide glass were reported by Ovshinsky in
1968, since then there have been many attempts to explain this observation [38], [39].
Along with chalcogenide films, there are several other materials that exhibit the

phenomenon of threshold switching [40].
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Figure 6: I-V curve for ideal threshold modulator.

Threshold switching is a well-controlled process with a defining property of a drastic
decrease in resistance under electric fields exceeding a certain threshold value [40][41].
The microscopic mechanism of threshold switching varies between systems. Threshold
switching takes place by creating a narrow conducting filament, either via characterization
or re-arrangement of certain structural defects, impurities, or electric dipole [40][42][43].
There are many other materials that exhibit the phenomenon of threshold switching[39].

However, various metal oxides have also exhibited the phenomenon of threshold switching
[40]. The dynamic response of threshold switching is an intriguing feature, for a novel
building block of electrical circuits and systems [44]. Threshold switching possesses a wide
range of applications like a steep subthreshold slope transistor, access devices on crossbar

array, artificial synapses, and true random number generators [44].
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Here, we are focused on threshold switching phenomenon in thin film CdTe PV, where
switching effects are observed by recording the value of resistance before and after

supplying different voltage bias-configurations.

2.6 Material characterization

Characterization of materials is the process of determining the behavior and properties of
materials which include physical, mechanical, and electrical properties. It is also used to
determine the microstructure, composition, and different features of samples which directly
or indirectly impacts the performance based on the application. This study uses several
characterization techniques like Scanning Electron Microscopy, Focal Ion Beam,
Transmission Electron Microscopy, Auger Electron Spectroscopy, and Energy Dispersion

Spectroscopy to determine the different features of the samples used for the experiment.

2.6.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is a type of imaging technique that generates images of
solid samples. SEM uses high electron beam with significant amount of kinetic energy.
The energy from electrons is dissipated as different signals while interacting with the
sample. Secondary and backscattered electrons are two different types of signals, which
are generally used to generate an image of the sample. SEM uses secondary electrons to
show morphology and topography of the sample by using secondary electrons while
backscattered electrons are used to demonstrate contrast in multiphase samples. The

minimum magnification for most of the SEM ranges from x20 to x50 and maximum range
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may be as high as x300,000. Magnification is determined by the size of the electron beam.
The spatial resolution for SEM ranges from 50nm to 100nm, however, high end SEM may
have a resolution of 0.5nm. In addition to gathering imaging information to show the
morphology of sample, SEM gathers X-ray beams with an energy dispersive X-ray
spectrometer or EDS system, which can be used to get the information on elements of the

sample. Figure 7 below demonstrates the working principle of SEM.
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Figure 7: Closer look into SEM Working Principle [45].
Figure 7 displays the working of the SEM where the source of electrons is a tungsten
filament lamp. The emission of electrons happens when thermal energy is applied to the
source. The samples are mounted with thin layer of heavy metal to facilitate the scattering
of charges. When the secondary electrons reach the detector, it produces the image not

unlike a television, that can be viewed and captured.

15



2.6.2 Focused Ion Beam (FIB)

Focused Ion Beam is a technique used to remove and deposit material at nanoscale. The
resolution for deposition can be less than 100nm. FIB has been excessively used as a
surface patterning technique [46]. Semiconductors and chip manufacturing processes use
FIB, and it’s also used in SEM and TEM for sample preparation. FIB uses gallium ions
that are accelerated using a strong electric field[47]. With the help of high energy-ions, FIB
is used to remove material through physical sputtering. By scanning the ions, shapes and
patterns may be generated on hard or brittle material. With the principle of chemical vapor
deposition technique, FIB may be used to deposit material as well. Thus, FIB can be applied

to both material removal and deposition techniques [47].

2.6.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is the imaging technique used to generate the image of
a thin specimen, through which an electron can pass. TEM uses transmission electrons to
generate the images. The working principle of TEM in general is like a regular optical
microscope. However, the wavelength of electrons is much smaller than light, which results
in an image resolution higher than a conventional optical microscope. TEM is a very
powerful imaging technique that provides various information from the sample down to
atomic level. The sample on TEM should be very thin, in the range of ~200nm, which
results in easy transmission of electrons to obtain a specific image, depending on the
information desired, using TEM characterization [48]. Figure 8 below is the closer look

into working of TEM.
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Figure 8: Closer look into TEM Working Principle [45].

2.6.4 Energy Dispersive Spectroscopy (EDS)

Energy Dispersive Spectroscopy (EDS) is a material characterization technique used to
determine the elemental analysis of materials. EDS utilizes SEM and TEM to provide
chemical analysis of the materials. EDS is mostly used to determine the chemical
composition of the samples. When a sample is bombarded with an electron gun using high
energy, some of the energies are observed, resulting from the excitation of atoms, and
emitting x-ray photons from the sample. The emitted x-ray photons are detected using an
energy dispersive detector which converts x-rays photons into electrical signals. The

signals are then compared to a database to determine the elements present in the sample.
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EDS is a widely used characterization technique; however, it comes with its own challenge.
If a sample with low concentration of element is exposed to EDS there will not be enough
x-rays emitting photons which will limit the capacity of identifying element. Despite its
challenges EDS has been extensively used in the field of research as it provides quick
elemental composition of a sample. It has been used in several fields like Material Science,

Geology, Semiconductor research etc.

2.6.5  Auger Electron Spectroscopy (AES)

Auger electron spectroscopy or scanning Auger microscopy (AES/SAM) uses a focused
beam of electrons to bombard a solid surface. This energetic electron beam (1-30keV and
a current of 0.01-10pA) knocks out electrons from inner electron orbital shells of atoms.
Electrons from outer shells can move into the inner shell vacancies as replacements for the
ejected electrons. For each such atomic relaxation transition, the energy difference between
the outer and inner shell electrons is released by the atom. This energy is emitted either as
a characteristic x-ray or as an outer shell electron that has absorbed the energy released by
the atomic relaxation process. Electrons released during relaxation of stimulated atoms are
called Auger electrons (after Pierre Auger who discovered and explained the process).
Those Auger electrons that are produced within the top 2-10nm (20-100A) of the surface
can escape with their full energy and result in a characteristic Auger spectrum for each
element. Only H and He are excluded since they have no outer shell electrons to eject in
any of their compound forms. Auger peaks are generally plotted as counts versus kinetic
energy or differentiated counts versus kinetic energy. The elements present in an Auger

spectrum can be readily identified by referring to a chart of ‘Principal Auger Electron
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Energies’ that is generally available in the scientific literature. If the thin film analysis
capability of AES is combined with the material removing capability of ion beam etching,
then the composition variation with depth into the sample can be investigated and/or

extraneous surface contamination can be removed.

19



CHAPTER II1
3. Methods

3.1 Sample Preparation

The CdTe PV samples were prepared using two different techniques: vapor deposition and
radio frequency magnetron sputtering. These two techniques have been commercially used
and optimized to reduce cost. The substrate that we used to grow our PV sample is easily
available SnO»-coated glass. A layer of CdS followed by CdTe was deposited on top of
TCO. The obtained samples were treated with a standard annealing process in the presence
of CdCl> vapor. Annealing with the presence of CdCl» vapor results in better electrical
improvements. After treating with CdCly, a thin layer of metal, in this case Cr, was
deposited as a back contact material. Figure 9 shows the vacuum system where deposition

of Cr had taken place in the Rf/Magnetron lab at Youngstown State University.

Figure 9: RF/Magnetron Sputtering Lab.

Before depositing any material, the substrate was treated with standard cleaning procedure.

The substrate was first placed on a clean white sheet and then was washed with acetone by
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dipping and rinsing it, followed by drying with blow dryer and cotton swab. Immediately
after washing the substrate with acetone, the same procedure, as previously stated, was
followed using IPA. For final cleaning, de-ionized water was used and only a blow dryer
was used to dry the substrate. The substrate was also treated with hot plate placed inside
the laboratory hood, to ensure it was dried properly. Only substrates that followed the
above-mentioned procedure were used for deposition. Using the deposition techniques
mentioned above, samples were created. The figure below shows the plan view of the

prepared sample.

Figure 10: Top view of the prepared CdTe sample.

3.2 Threshold Switching Experiment

The prepared CdTe sample was taken to a probe station equipped with micromanipulators
and pogo pins. The probe station was equipped with four micromanipulators and four pogo

pins. The prepared sample was first subjected to a sharp object to create a circular scribe
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as shown in the figure below. The created scribe was approximately 3.5mm. One edge of

the sample was treated with a sharp object to expose the TCO.
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Figure 11: Cross-sectional view of the CdTe (not to scale) photovoltaics. Starting from

top 1) thin chromium layer ii) CdTe iii) CdS iv) glass layer (A). Cross-section of same

sample after scribing (B). Red arrows indicating supply voltage to the scribe (C). Red

rectangle indicating creation of a conductive shunt (D).

Two terminals of the programable DC power supply were connected to pogo pins via
micromanipulators whereas, other two pogo pins were connected to a multimeter. The dc
power supply was used to supply different voltage bias to the sample, while the multimeter
was used to observe the resistance. The threshold switching experiment was designed to
observe the resistance between the point inside the scribe and the point in the TCO. Every
scribe was subjected to a different voltage bias, and an immediate change in resistance was
observed. The supplied voltage ranges from -25V to +25V. Thus, 12 different scribes were
created, and each scribe was provided with a different voltage. Six of the voltages were

supplied with positive voltages, while the other six scribes were supplied with negative

voltages. The experiment started by measuring the reference resistance between an
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arbitrary point outside the scribe and TCO, Resistance(A’-X) for scribe A, Resistance (B’-
X) and others, see Figure 12. These values were recorded to compare the resistance before
and after the voltage bias. Also, resistance between the point inside the scribe and TCO
was recorded prior to supply voltage. Scribes A, B, C, D, E, and F were supplied with 0V,
5V, 10V, 15V, 20V, and 25V for 10 seconds respectively. Similarly, scribes G, H, L, J, K,
and L were supplied with 0V, -5V, -10V, -15V, -20V and -25V for 10 seconds respectively.
The supplied voltage was in between the point inside the scribe and point in the TCO. The
voltage supplied for scribe A was V(A-X), similarly V(B-X) for scribe B. Refer to Figure
12 (A) for schematic. After supplying voltages for 10 seconds, the voltage source was
disconnected, and the multimeter was immediately connected to observe the change in

resistance.

Figure 12: Schematic of the CdTe PV, point (A-L) are the points inside different scribes;
point X is the point on TCO (A). Sample used for threshold switching experiment (B).
Magnified image of a Scribe created on the sample (C).
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3.3 Time-lapse study of switched resistance

The time-lapse study is the experiment done immediately after the completion of the
threshold switching experiment. The intent is to observe a change in resistance over a
period. After the threshold switching experiment, the resistance value from each scribe was
recorded with the time interval of 6, 12, 24, and 48 hours. The experiment was conducted
to understand the reliability of the threshold switching and endurance of its trait over time.
On every time interval resistance between TCO and point inside the scribe was recorded.

Figure 13 shows the experimental setup where the experiment was performed.
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Light ’

Programable
Dc-power

Supply

Digital Multimeter

Cr-Sputtered Sample

Figure 13: Experimental setup of threshold switching and time lapse study.
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3.4 Circular Chromium (Cr) deposition

Cr dots were deposited on CdTe solar cell samples by RF magnetron sputtering using a
Torr International sputtering system. The pressure in the deposition chamber was pumped
down to below 107 Torr before the sputtering process began. The pumping system consists
of a turbomolecular pump and an oil-free mechanical pump. A 2-inch 99.99% pure
chromium disc target (from MSE Supplies®) was used, and on a revolving substrate
holder, the solar cell sample was mounted about 15 cm above the target surface. Before
starting the process, the chamber was purged with ultra-high purity grade Argon gas
(Airgas, 99.9997%) for 5 minutes. Furthermore, the target was pre-sputtered for 10 minutes
at a power level of 80 W in the same Ar. After that, Cr dots were deposited in the Ar

environment at 70 Standard Cubic Centimeters per Minute (SCCM) flow.
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Figure 14: Schematic of CdTe PV with Circular Cr dots(A). Magnified part of Figure A,
showing circular Cr dots, black line represents the granular structure. Schematic of Cr
dots deposited on CdTe PV.

25



The deposition pressure of the chamber was at 11.5 mTorr and the chamber was at room
temperature of 22 °C. The deposition time was varied from 30 seconds, 3 minutes, 6
minutes, and 10 minutes. The calibration of the thickness was done using Auger
Spectroscopy. Before doing the Cr dot deposition at Solar cell sample, the continuity of the
film was evaluated. Figure 14 represents the schematic of CdTe PV cell with Cr dots
deposited on top whereas Figure 15 shows the magnified image of the sample taken after
deposition of circular Cr spots. The grid lines on CdTe and CdS layer of Figure 14

represents the granular structure of the sample.

Figure :15 Circular Cr deposited on CdTe sample (A). 33x Magnified circular Cr (B).
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3.5 Material characterization

3.5.1 Scanning Electron Microscopy, Focal Ion Beam, and Transmission Electron
Microscopy (TEM)

The CdTe PV sample used for performing threshold switching experiment and time-lapse
experiment was broken into smaller shapes, using a diamond cutter. The SEM machine
sample holder had specific requirements for the dimension of the sample to be placed. The
maximum acceptable dimension was 75mm in diameter and 30mm in height. Any sample
less than the specified dimension could easily fit into the sample holder. The sample
prepared in our case has dimensions less than the maximum specification. The sample was
mounted on the sample holder using carbon tape. Copper tape was used to create a
conductive path for electrons to the sample holder, which is made of aluminum. Figure 16
shows a small piece of CdTe PV cell mounted on a SEM sample holder and Scanning

Electron Microscope.

Figure 16: Sample Prepared for SEM analysis (left). SEM/FIB equipment in Electron
Microscopy lab used for SEM analysis (right).
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Figure 17: Steps involved in preparing TEM sample. Deposition of protective layer after
milling using FIB (A). Needle soldered to the sample to weld it in a TEM sample holder
(B-C), Sample after being welded in TEM holder (D).

The main objective of material characterization on this study is to analyze the layers of the
PV sample used. Since we are dealing with thin film here, SEM equipment was used to
perform FIB and create a sample for TEM. The sample for TEM was prepared by cutting
the SEM sample using focal ion beam. First, the desired location on the sample was
determined and the axis alignment was done to get the same picture on both SEM and FIB
screen. The process of milling was carried out using ion beams. Once the milling was done

on every side, the island structure on the middle was deposited with carbon/tungsten on

top, a tungsten needle was then used to weld on the top of carbon/tungsten. Figure 17 shows
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the SEM image taken during the different steps while preparing sample for TEM, using

SEM-FIB technique.

The bottom layer of the specimen was cut after rotating the sample by 90°. Once the
specimen was ejected from the sample it was welded back to the TEM grid. The specimen
was further treated with FIB to reduce the thickness and smoothen the surface with lower
intensity beams. Several different intensities ion beams were used to make the specimen
thinner and smoother. There were two different samples for TEM created. Figure 17 (C)
and (D) shows the TEM sample grid where our created TEM sample was welded.

After multiple attempts, with several unsuccessful results, two TEM samples were prepared
using SEM-FIB techniques. Both samples were handled carefully. Suction created using
vacuum, was used to lift the TEM grid to install on the TEM sample holder. Which was
staged into TEM for further characterization where the thickness of different layers was

determined.

3.5.2 Electron Dispersive Spectroscopy (EDS)

The SEM sample, which was used to perform SEM-FIB, was also subjected to EDS
analysis to confirm the back contact deposited; and to confirm the window layer of the
sample. The final sample prepared for TEM was used to perform several line scans to map
the elements that were deposited. Different points and lines of different widths were used
to perform several scans to confirm the pattern of the elements, and their mapping on the
sample. Figure 16 (left) represents the sample where EDS was performed to determine the

elemental content of the back contact and window layer of the sample. While Figure 18 is

29



the image of the TEM sample where multiple line scans were performed to analyze the

mapping of the elements on the sample.

Figure 18: TEM sample used to perform EDS analysis and Line Scans.

3.5.3 Auger Electron Spectroscopy (AES)

For Auger Electron Spectroscopy analysis, samples were attached to a stainless-steel
specimen holder using stainless steel screws. The holder was then inserted into the analysis
chamber of a Model 660 scanning Auger surface analysis system manufactured by Physical
Electronics USA of Chanhassen, MN. The chamber was evacuated to a base pressure of
~2x107® torr. A cylindrical mirror electron energy analyzer was used for electron detection.
General survey spectra were collected at the surface levels and following depth profiles.
Concentration vs. depth profiles were collected to show changes in elemental composition
as a function of depth. Etching was accomplished using an Ar" ion beam with an energy

of 4keV.
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CHAPTER 1V
4. Results

In this chapter, the results from the experiments to verify threshold switching is presented.
All the results from different experiments mentioned previously in Chapter 3 are organized
here. Section 4.1 shows the results from threshold switching experiment, followed by time-
lapse study of switched resistance in Section 4.2. This chapter further includes the results
from the characterization techniques and concludes with the results from the experiment

conducted on Circular Cr dots.

4.1 Threshold Switching

The CdTe sample, which was studied, demonstrated a rapid decrease in resistance ranging
from the Mega-ohm to Kilo-ohm range when induced with both positive and negative
voltage bias. The resistance values observed and recorded have been tabulated and
represented in the graph below, as shown in Figure 19. This rapid decrease in resistance
post voltage bias, implies that there has been a conductive path created through the point
inside the scribe and TCO of the sample, which allows the electrode from the back contact
to routinely contact the TCO, which is acting as a front contact for the photovoltaics cell.

Table I and II below demonstrates the resistance values recorded during the threshold

switching experiment, before and after supplying negative and positive voltages.
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Resistance (£2)

TABLE 1. Change in resistance after positive voltage supply.

Scribe Resistance across scribe Supply Voltage(V) Resistance across scribe
and TCO prior bias and TCO after bias
A 1.07E+06 Q 0 1.06E+06 Q
B 1.02E+06 Q 5 1.13E+05 Q
C 1.05E+06 Q 10 4.92E+04 Q
D 1.00E+06 Q 15 3.49E+03 Q
E 1.01E+06 Q 20 1.42E+04 Q
F 1.02E+06 Q 25 1.62E+04 Q

TABLE II. Change in resistance after negative voltage supply.

Scribe Resistance across scribe Supply Voltage(V) Resistance across scribe
and TCO prior bias and TCO after bias
F 1.02E+06 Q 0 1.02E+06 Q
G 1.77E+06 Q -5 1.10E+05 Q
H 1.08E+06 Q -10 1.10E+05 Q
I 1.07E+06 Q -15 1.09E+05 Q
J 1.01E+06 Q -20 1.63E+03 Q
K 1.02E+06 Q -25 3.00E+03 Q
A Forward Bias Configuration B | Reverse Bias Configuration —e—Resi
—e— Resistance esistance
1.06E+6 ohm
1.0E+6 - LOE+6 - 1.02E+6 ohm
5.0E+5 % 5.0F+5
349E+3 ohm E
&
0.0E+0 0.0E+0 -
-5 tl] ‘.'; 1b 1I5 ZIO 2;5 3|0

-30 25 20 -15 -10 -5 0 5

Supply Voltage (V) Supply Voltage (V)

Figure 19: Rapid drop in resistance value with positive voltage bias configuration (A)
and negative voltage bias configuration (B).
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4.2 Time-lapse study of switched resistance

To check the reliability of the confirmed conductive shunt, a time lapse study was

performed that indicated the conductive path is reliable, with a change in resistance value

of about 2-KQ. Each scribe was subjected to this experiment. We found similar results for

all the scribes. Some data is tabulated and represented in the Table III below. Figure 20

represents the graphical presentation of resistance value over a period.

TABLE III. Resistance value over period

Scribe

6 hours 12 hours 24 hours 48 hours
C 2.80E+03 Q 4.08E+03 Q 3.39E+03 Q) 3.07E+03 Q
D 2.06E+03 Q 4.20E+03 Q 3.39E+03 Q 3.11E+03 Q
I 4.80E+04 Q 5.11E+04 Q 5.10E+03 Q 5.07E+04 Q
K 1.96E+03 Q 2.80E+03 Q 2.94E+03 Q 2.07E+03 Q
A o
Positive Voltage Time Lapse Negative Voltage Time Lapse
4.5E+3 N 5.2E+4 1 .
—e— Resistance (—e— Resistance
4.0E+3
@ @ 5,0E+4 -
E 3.5E+3 %
E ; 4.8E+4
3.0E+3
D) S 4.6E+4 ————t 1ttt
6 0 6 12 18 24 30 36 42 48 54 60 0 6 12 18 24 30 36 42 48 54 o0

Time (Hrs)

Time (Hrs)

Figure 20: CdTe PV change in resistance is consistent over a period. Change in resistance
where supply voltage was 10V (A) and change in resistance where supply voltage was -

10V (B).
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4.3 I-V Characteristic Curve Analysis in CdTe

The I-V characteristic curve is an essential tool to design circuits. Based on the function, it
assists in setting voltages and current in a circuit for their proper function. So, to know the
initial overall I-V characteristic of our sample, we performed a characteristic curve
experiment of our sample across Cr, used as a back contact, and TCO, used as a front
electrode. A non-ohmic curve was observed in the sample where the current increased with
an increased in voltage, then became linear, which again increased as the voltage increased.
This suggests that our sample may be considered as a non-ohmic conductor. Figure 21

shows the overall I-V characteristics of the sample across Cr and TCO.
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Figure 21: I-V characteristics curve of the CdTe PV across Cr and TCO.

Then, to know whether we can observe a threshold switching effect on our sample at any
voltage, one point on the sample was taken where voltage was supplied with an increment
of 0.5 V and the current was recorded. The results were presented as an [-V characteristic

curve in Figure 22. We observe a drastic increase in current after 6V, suggesting that the
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threshold switching phenomenon occurred at that voltage. To further validate our claim,
we measured the same parameters on the same point of sample in the time interval of 2, 4,
6, 12, and 24 hours. We observed a linear characteristic curve. We suspect that the
threshold switching effect must have occurred in 6V initially and there may be a conductive
path created which led to the ohmic curve observed. This suggests that after threshold

switching effect, that point in our sample behaves as an ohmic conductor.
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Figure 22: Characteristic curve over a period, changes to linear after formation of a
conductive path.
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4.4 Material Characterization of CdTe

4.4.1 EDS characterization

As we observed threshold switching phenomenon in our sample, using different
experimental techniques, we then wanted to perform material characterization of our
samples to know in detail which components are in them. First, we performed elemental
analysis to determine the elemental composition of the sample and map the lateral
distribution of the elements from the image. With the elemental analysis done using EDS,
the following peaks and quant results were obtained, which are displayed in Figure 23. The
result from EDS clearly shows peaks of Cadmium (Cd) and Telluride (Te), as well as
Chromium (Cr) indicating the presence of CdTe, and Cr, used as a back contact, for the PV

sample used.
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Figure 23: EDS results determining Cr used as a back contact and CdTe used as absorber.

The TEM sample created using SEM-FIB technique was also used to perform elemental

line scan to map the elements associated with the image. Different line scans of different
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line widths and points were performed, and a graph is overlayed on top of the generated
image, shown in Figure 24(B). Figure 24 shows the elemental profile plot, representing the

elements determined using EDS displayed on top of the sample image.

Figure 24: TEM sample representing two circular points A and B where line scan was
conducted (A). Elemental profile plot showing elements concentration profile at
predefine line from A to B (B).

The elemental profile plot on Figure 24 (B) clearly shows that the absorber layer is CdTe
and the window layer for the sample used is CdS. The profile plot created on top of the

image makes it even easier to determine the longest layer is CdTe and the layer followed
by it is CdS. As we can see several components present, we can suggest that there is thin

chromium layer present in the sample.

4.4.2 TEM characterization

After initial characterization of our sample, we further desired a high-resolution image of
the sample and a measure thickness of its layers. First, we created a TEM sample that was
inserted into the TEM chamber where the Selected-Area-Diffraction pattern was observed

confirming highly oriented crystalline structure on CdTe and CdS as shown in the Figure
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25 (C) and (D). Figure 25 (A) shows the image of the different layers, like carbon on the
top, followed by thin layer of Cr. The thickest layer shown is CdTe and the layers followed

by CdTe are CdS and TCO respectively.

“* "2
Glass substrate

Figure 25: a) TEM image of a sample representing different layers. b) Magnified image
of the n-type material followed by TCO. c) SAED pattern confirming highly oriented
crystalline structure.

Furthermore, every layer in the sample was observed and Figure 26 shows the TEM image

taken. This demonstrates the thickness of TCO on the top and CdS on the bottom. The

length of the layers was determined using TEM measuring tool. The thickness of absorber
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layer CdTe was reported to be Sum where the thickness of Window and TCO was reported

to be 0.3um.

Figure 26: TEM image of the thin film measuring the thickness of TCO on top and CdS
in the bottom.

4.4.3 Auger Electron Spectroscopy

To confirm the depth of Chromium layer present in our sample, we performed depth auger
electron spectroscopy analysis. With the etching rate of 2nm/minute, Figure 27 shows the
depth profile of the sample. Based on the half maxima of Cd and Te lines, the thickness of

Cr, used as a back contact, on our sample was determined to be 13nm.
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Figure 27: Auger Electron Spectroscopy depth profile for CdTe photovoltaic cell.

The AES depth profile required approximately 47 minutes to perform. The profile plot in
above Figure 27 shows the presence of Carbon, Oxygen, Sulphur, Calcium, Chromium,
Cadmium, and Telluride. The plot also confirms that the topmost layer is Cr, followed by

a layer of CdTe. The thickness of the Cr deposited on CdTe photovoltaic cell is 13nm for

the sample tested.
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4.5 Circular Chromium Deposition

The intention of depositing Circular Cr is to eliminate the surface layer of back contact.
After depositing the Cr on CdTe sample for 30 seconds, 3 minutes, 6 minutes, and 10
minutes, each sample was subjected to threshold switching experiment. I-V characteristics
were also evaluated. The switched value of resistance was not observed in the sample
where Cr dots were deposited for 30 seconds. Table IV below shows the change in
resistance value observed after conducting threshold switching experiment on Cr dots
deposited for 30 seconds. The value of resistance did not change from the mega ohm to

kilo ohm range.

TABLE IV. Change in resistance observed after positive voltage supply on 30 seconds Cr dots.

Scribe Resistance across scribe Supply Voltage(V) Resistance across scribe
and TCO prior bias and TCO after bias
A 1.84E+07 Q 0 1.14E+07 Q
B 1.84E+07 Q 5 1.48E+07 Q
C 9.80E+07 Q 10 6.90E+07 Q
D 9.20E+07 Q 15 2.53E+07 Q
E 9.50E+07 Q 20 1.57E+07 Q
F 1.80E+07 Q 25 2.23E+07 Q

Therefore, further experiments were not conducted on Cr deposited for 30 seconds. The
value of switched resistance observed on a sample where Cr dots were deposited for 3
minutes after performing threshold switching experiment were 55 KQ to 65 KQ. Which
was not like what we observed in our original PV sample. Table V shows the resistance
value observed during threshold switching experiment on Cr dots deposited for 3 minutes.
The resistance value on Cr dots were also not in same order of magnitude prior suppling

voltages. The resistance value across TCO and Scribe A, B, C were in the order of 10°
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whereas resistance value across TCO and scribe D, E, F were in the order of 104, 10°, 10?
respectively. Also, a rapid increase in current was observed after 9-10 volts in [-V

characteristics analysis which is shown in Figure 28.
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Figure 28: I-V characteristics of a Cr dots deposited for 3 minutes. Rapid increase in
current was observed after 10 volts.

TABLE V. Change in resistance observed after positive voltage supply on 3minutes Cr dots.

Scribe Resistance across scribe Supply Voltage(V) Resistance across scribe
and TCO prior bias and TCO after bias
A 1.13E+06 Q 0 1.13E+06 Q
B 1.13E+06 Q 5 1.80E+06 Q
C 1.18E+06 Q 10 1.05E+05 Q
D 7.00E+04 Q 15 5.40E+04 Q
E 1.03E+05 Q 20 6.50E+04 Q
F 1.34E+02 Q 25 5.60E+04 Q

The sample where Cr dots were deposited for 6 minutes performed better with switched
value of resistance below 20 KQ. Table VI below shows the resistance value before and
after supplying positive voltages to the sample. Also, a rapid increase in current was

observed at 7 volts which is like the original sample used for this study. Figure 29 shows
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the graphical representation of the switched resistance with I-V characteristics of sample

for 6 minutes of Cr dots deposition.

TABLE VI. Change in resistance after positive voltage supply on Cr dots deposited for 6 minutes.

Cr dots Resistance across scribe Supply Voltage(V) Resistance across scribe
and TCO prior bias and TCO after bias
A 1.03E+05 @ 0 1.03E+05 o
B 1.16E+05 5 1.84E+05
C 1.01E+05 10 3.12E+03
D 1.05E+05 15 1.95E+04
E 9.00E+04 & 20 3.60E+03
F 1.02E+05 & 25 4.10E+03
A Switching in Cr dots, 6 minutes deposition —e— Resistance B 1-V characteristics curve on Cr dot deposited 6 minutes
2.00E+5 =
1.75E+5 0.204
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Figure 29: Rapid drop in resistance on Cr dots deposited for 6 minutes(A), I-V
characteristics of the same sample (B).

Furthermore, the experimental results observed on the sample where Cr dots were
deposited for 10 minutes have shown to be better, as compared to 30 seconds and 3 minutes
deposition but, was not better when compared to the Cr dots deposited for 6 minutes. The
switched value of resistance was under 25 k-ohms, whereas it is less than 20k-ohms for 6

minutes of deposition, and a rapid increase in current was observed after 8 volts. Figure 30
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below shows the rapid drop observed, along with the I-V characteristics curve of the Cr
dots with 10 minutes of deposition. Table VII shows the change in resistance value

observed during threshold switching experiment conducted on Cr dots deposited for 10

A Switched Resistance on Cr dots deposited 10 minutes —e— Resistance B 1-V characteristics on Cr dot deposited 10 minutes | —#— Current
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Figure 30: Rapid drop in resistance on Cr dots deposited for 10 minutes(A), [-V
characteristics of the same sample (B).
Based on the results obtained by running the threshold switching experiment and I-V
characteristics across Cr dots and TCO, no change in resistance value was observed after
supplying voltages on the 30 seconds deposited Cr dots. Change in resistance value was
observed in the 3 minutes of Cr deposition whereas, the change in order of magnitude was
not significant. The Cr dots deposited for 6 minutes, and 10 minutes performed better in
term of switching. However, the Cr dots deposited for 6 minutes gave better result in terms
of switched resistance value and characteristic curve. Based on the results obtained,

thickness of the Cr dots does play a role in achieving threshold switching in CdTe PV cell.
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The thickness of the Cr dots deposited were calibrated using Auger electron spectroscopy.
Table VIII shows the thickness of Cr dots deposited corresponding to the deposition time.
Figure 31 shows the schematic representation of a conductive red path created after

supplying different voltages across Cr-dots.

CdTe

CdS

TCO
Substrate

Figure 31: Representation of an electric conductive path (red grains) created after
supplying voltages across Cr dots and TCO.

TABLE VIII. Thickness of Cr dots corresponding to deposition time.

S.N Deposition Time Deposition Technique Deposited thickness
1 30 sec RF magnetron sputtering 1.5nm
2 2 minutes RF magnetron sputtering 6nm
3 3 minutes RF magnetron sputtering 9nm
4 6 minutes RF magnetron sputtering 18nm
5 10 minutes RF magnetron sputtering 30nm
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CHAPTER V

5. Conclusion

In this thesis, the experimental verification of threshold switching in CdTe photovoltaics
was studied. Several studies have discussed threshold switching phenomena and materials
that demonstrate these phenomena [40]. Here, we experimentally verify this phenomenon
in CdTe cells which may be potentially incorporated into the PV manufacturing for
improving the manufacturing efficiency of the thin-film PVs.

Our experimental results imply that the voltage bias creates a conductive filament from
the topmost layer through the PV stack to the buried electrode, through the phenomenon
of threshold switching. Time lapse study of the conductive filament’s resistance suggests
that the threshold switching phenomenon is reliable, as the switched resistance did not
change after 48 hours. This novel method could potentially lead to scribe-less
manufacturing technology of PVs, by eliminating the back contact. Switching was
observed on both positive and negative voltage configuration and the switching effect

lasted longer, implying its reliability.

Moreover, the IV characteristics of the CdTe sample was successfully performed. The
initial IV curve was non-linear and demonstrated a non-ohmic curve with increasing
voltage values. However, when the supplied voltage to a particular point in the sample
crosses 6 V, we saw a rapid increase in the current, indicating the occurrence of threshold
switching phenomena around 6V. After observing the threshold switching, the I-V

characteristics on the same point of the sample were observed to be linear i.e., ohmic in
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nature, suggesting that the threshold switching phenomenon , a results in a creation of a

conducting filament.

We also characterized our sample to using SEM, FIB, TEM, EDS, and AES. EDS detected
the layer of chromium layer, as well as several other layers of materials present.
Furthermore, TEM investigation enables us to detect layers of TCO, CdS and CdTe with
thicknesses of 0.3 um, 0.3 um and 5 um respectively. AES further shows the thickness of
Cr to be 13nm, which confirms the presence of Cr in the sample.

Deposition of Cr dots of different thickness gave us insight about how the thickness is
important to achieve the threshold switching phenomenon. With varying thicknesses of Cr
dots deposited, better results in term of switched resistance and I-V characteristics were
only observed on the Cr dot with the thickness of 18 nm.

Overall, this study experimentally verifies the threshold switching effect in CdTe cells,
which was shown by a drastic decrease in resistance and an increase in current after a
certain threshold voltage value is achieved. The conventional laser scribing technology is
costly and unreliable. However, this study showed that the threshold switching technique
is reliable as shown by the time lapse study conducted. In a nutshell, threshold switching
was experimentally verified in CdTe cells, and this phenomenon could potentially lead to
scribe-less technology, by eliminating the conventional tedious and expensive laser

scribing.
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