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ABSTRACT

INVESTIGATIONS OF PROCESSING, MICROSTRUCTURES AND EFFICIENCIES OF

POLYCRYSTALLINE CDTE PHOTOVOLTAIC FILMS AND DEVICES

CdTe based photovoltaics have been commercialized at multiple GWs/year level. The performance of
CdTe thin film photovoltaic devices is sensitive to process conditions. Variations in deposition
temperatures as well as other treatment parameters have a significant impact on film microstructure and
device performance. In this work, extensive investigations are carried out using advanced microstructural
characterization techniques in an attempt to relate microstructural changes due to varying deposition
parameters and their effects on device performance for cadmium telluride based photovoltaic cells
deposited using close space sublimation (CSS).

The goal of this investigation is to apply advanced material characterization techniques to aid process
development for higher efficiency CdTe based photovoltaic devigas®ral techniques have been used to
observe the morphological changes to the microstructure along with materials and crystallographic
changes as a function of deposition temperature and treatment times. Traditional device structures as well
as advanced structures with electron reflector and films depositbtyypZn,O instead of conventional
CdS window layer are investigated. These techniques include Scanning Electron Microscopy (SEM) with
Electron Back Scattered Diffraction (EBSD) and Energy dispersive X-ray spectroscopy (EDS) to study
grain structure and High Resolution Transmission Electron Microscopy (TEM) with electron diffraction
and EDS. These investigations have provided insights into the mechanisms that lead to change in film
structure and device performance with change in deposition conditions. Energy dispersive X-ray
spectroscopy (EDS) is used for chemical mapping of the films as well as to understand interlayer material
diffusion between subsequent layers. Electrical performance of these devices has been studied using

current density vs voltage plots. Devices with efficiency over 18% have been fabricated on low cost



commercial glass substrates with processes suitable for mass production. These are the highest
efficiencies reported by any university or national laboratory for polycrystalline thin-film CdTe
photovoltaics bettered only by researchers at First Solar Inc.

Processing experiments are traditionally designed based on simulation results however in these study
microscopic materials characterization has been used as the primary driving force to understand the
effects of processing conditions. Every structure and efficiency reported in this study has been extensively
studied using microscopic imaging and materials characterization and processing conditions accordingly
altered to achieve higher efficiencies. Understanding £gadsivation treatment out of this has been
critical to this process. Several observations with regard to effect of, d€divation have allowed the
use to this treatment to achieve optimum performance. The effects of deposition temperature are also
studied in rigorous details. All of these studies have played an important role in optimization of process
that lead to high efficiency thin-film CdTe photovoltaic devices.

An effort is made in this study to better understand and establish a 3-way relationship between
processing conditions, film microstructure and device efficiency for sublimated thin-film CdTe
photovoltaics. Some crucial findings include impact of grain size on efficiency of photovoltaic devices
and improvement irfill -factor resulting from use of thicker CdTe absorber with larger grain size. An
attempt is also made to understand the microstructure as the device efficiency improves from ~1%

efficiency to over 18% efficiency.
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CHAPTER 1 INTRODUCTION

1.1SOLAR ENERGY OVERVIEW

1.11 THE NEED FOR SUSTAINABLE CLEAN ENERGYThe global energy demand is currently estimated
at about 16 terawatts and is expected to double over next 30 years[1]. Additionally, continued growth of
developing countries will also increase the demand of energy required for industrial as well as domestic
consumption. On the other hand the amount of energy consumed by humans over a year is approximately
the same as the solar energy that reaches the earth in an hour[2]. For a developed country like U.S.,
photovoltac (PV) installation on aboud.6% of the land could be enough to meet the entire country’s
electricity demand[3]. Figure.1 shows approximate area of land required to meet electricity and energy
demand of U.S. if they were to be installed with photovoltaic fields. These approximations are based on
estimates for 10% efficiency photovoltaic modules while currently 16% efficiency panels are being
manufactured and installed. Photovoltaics thus can be seen as a green, abundant, renewable, safe and

sustainable energy solution.
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FIGURE 1.1 Approximate area of photovoltaic installation required to meet US energy deman

1.12 THE POTENTIAL OFCDTE PHOTOVOLTAICS CdTe PV has demonstrated the lowest cost solar
electricity generation, particularly for utility scale applications. CdTe is a p-type absorber that has a band

gap of 1.45 eV which is nearly optimum for photovoltaic conversion. Approximately 2 pm is sufficient



to absorb most of the visible solar spectrum[4], [S]lypical crystalline silicon PV requires 150-200
micron wafers. Moreover, silicon based photovoltaics require capital-intensive process. CdTe films are

typically deposited on glass substrates using low cost hardware and high deposition rate processes

electric-completes-50
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FIGURE 1.2 Examples of current CdTe field installations: A. 550 MW Topaz Solar Project, Ca

B. 50 MW Macho Springs CdTe Solar Project, New Mexico C. 290 MW Agua Caliente CdT
Power Plant, Arizona

reducing production costs. With commercial field installations exceeding 14 GW and production
expected to increase two fold in next 2-3 years[6], polycrystalline CdTe photovoltaic technology poses as
a viable alternative to fossil based fuels as well as other photovoltaic technologies such as c-silicon. CdTe
photovoltaics have shown substantial improvement in device conversion efficiency over last decade.
Figure 1.2 shows examples of some polycrystalline CdTe utility scale commercial photovoltaic
installations. Thus, CdTe photovoltaics have been demonstrated as green, sustainable, renewable and
affordable source of energy that is being scaled to create an energy solution. The current dominant
technology for commercial photovoltaic application is Silicon. But silicon panels are more difficult and

expensive to manufacture.
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FIGURE 1.3 Comparison of CdTe manufacturing process with p-Si. Shows CdTe manufactu
be simpler and faster.

1.13 CDTE PHOTOVOLTAICS COST AND MARKET. The low cost manufacturing of thin film CdTe PV
has enabled the signing of a record low cost power purchase agreement of ¢3.87/kwh for a 100 MW
field[7], which is significantly lower than the average cost of electricity in the United States which is
¢11.0/kWh. With recent improvements, research scale small devices have recorded efficiencies of
22.1%[6] while modules with up to 18.6% efficiency have been produced[8]. The leading CdTe PV
commercial manufacturer, First Solar Inc., has increased average production module efficiency from
13.5%[9] in the first quarter of 2014 to 16.2%[10] in the first quarter of 2016. Average levelized cost of
energy from these First Solar installations are between ¢7/kWh EaikMéh. Comparison of cost of
electricity from polycrystalline CdTe PV to other established technologies in various countries is shown
in figure 3. Moreover, First Solar Inc. became the first solar panel manufacturing company to lower its
manufacturing cost to $1.00 per watt in 2009 and these prices were for panels produced at 14% efficiency
at a reported cost of 59 cents per wkitt2015, panels with up to 18.6&fficiency were produced and
expected to further reduce the cost of these panels to less than 40 cents per watt[6]. Based on these

developments it is clear that CdTe photovoltaics is now a mainstream energy solution at utility scale and



is growing at a rapid rate. Further improving the efficiency without substantial increase in production cost

will further improve the energy cost structure for CdTe photovoltaics.

Source: firtssolar.com
Source: Lazard’s Levelized Cost of Energy Analysis-Version 8.0, , published September 2014,
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FIGURE 1.4 Commercial cost of CdTe PV installation (best case) compared to other energy tect
across the world

1.2 AVAILABILITY AND EXTRACTION OF CD AND TE

CdTe is manufactured from pure Cd and Te, both of which are byproducts of smelting prime
metals such as Cu, Zn, Pb and Au. Both these materials are collected from secondary mineral streams and
are not primarily mined for. Cd is collected during Zn and Pb smelting in from of dust and sludge. Te is a
rare metal which similar to Cd is extracted as byproduct of processing Cu, Pb, Au and Bi ores.
Metallurgical grade (99.99% pure) Cd and Te metal are used in most applications that are refined by
leaching with sulfuric acid. Higher purity materials are achieved by electrolytic purification and
subsequent melting and atomization or by vacuum distillation. These refining processes do not produce
any atmospheric emissions of these respective materials and all waste is recycled[11]. Refined Cd and Te
are used to synthesize CdTe for photovoltaic application. CdTe is produced from Cd and Te powder using
proprietary methods. Reportedly, 100% of feedstock is used and there are no quantifiable emissions
during CdTe synthesis[11]. Melting and atomization steps necessary to form the powder emit about 2% of

the feedstock that is captured using HEPA filters that can be recycled[11]



1.3LIFECYCLE ASSESSMENT AND ENVIRONMENTAL IMPACT

Allocation of emissions refers to the question of what portion of emissions is attributed to certain
byproduct in a refining or manufacturing process. Since cadmium is a byproduct of zinc refining process
allocation of emissions for cadmium is a fundamental question[12]. As per ISO (International Standard
Organization) directives, in such situations where physical relationships alone cannot be established or
used for basis for allocation, inputs should be allocated between products in proportion to the products’
economic values. As per this method of allocation emissions from Cd is only 0.58% of total emission
from refinement of Zn ore. Moreover, atmospheric Cd emissions from lifecycle of CdTe photovoltaics is
estimated at 15.0 g Cd/ton Cd[11]. An important question to consider is what would happen to cadmium
if it was not used. Cadmium is a group 1 carcinogen and the unabsorbed Cd generated by metal smelting
process is stockpiled, cemented and buried or disposed of in landfills. Cutting down on refining of Zn and
Pb to cut down on Cd production is not a viable alternative. Therefore, it is most desirable to use Cd in
ways that prevent its flow into the environment. Use of Cd in CdTe based photovoltaics is one such
application alongsideNi-Cd batteries. Use of Cd in CdTe photovoltaics is considered more
environmentally friendly since CdTe is a more stable compound as compared to the other application

where it is used as either Cd or Cd(@H)

Tellurium is a rare metal that is most primarily achieved as a byproduct of Cu refining. During
pyrometallurgical separation, air is bubbled through molten blister copper where Te gets separated as an
oxide in form of slime. The slime is leached with caustic soda to form sodium telluride that is later refined
using electrolysis to get metallurgy grade Te that can be used for CdTe photovoltaics after further
refinement[11]. Estimates of Te availability for photovoltaic application after subtracting competitive
uses show that the total annual CdTe photovoltaic production that can be supported by Te availability
through primary refining and secondary recycling is estimated at 98-205 GW by 2020 and rising to 0.6-
2.7 TW by 2050[13]. In addition, new sources of Te are being discovered such as in China and Mexico

where direct mining of Te is economically feasible[13]. Earlier Te availability was considered to be a



limiting factor in large scale manufacturing of CdTe photovoltaics. Moreover, in recent years with
discovery of new sources and improvement in recycling technology, Te production is expected to

conveniently support extensive industrial production of CdTe for photovoltaic application.

1.4PRODUCTION SUSTAINABILITY AND COST

In 2009, optimistic assumptions suggested that CdTe thin film photovoltaics would be able to
achieve 14% conversion efficiency by the year 2020[13]. However, surpassing these estimates by far in
2015 the conversion efficiency of CdTe thin film photovoltaics of 21.5% has already been
demonstrated[14]. CdTe has been also demonstrated as a commercially viable alternative to not only Si
based photovoltaics but also fossil fuels based conventional electricity generation. While the average
electricity cost to consumer in US is estimatedJ810.22 cents/kWh[15], leading CdTe photovoltaics
manufacturer First Solar Inc. in 2015 finalized a power purchase agreement with a US based utility
company, Berkshire Hathaway Energy, for a 100 MW installation at $0.0387 per kWh[16]. This is not
only the lowest rate photovoltaic electricity but probably the cheapest electricity available in USA.
Average levelized cost of energy from these First Solar Inc. installations are between 7 cents to 15 cents
per kWh. Moreover, First Solar Inc. became the first solar panel manufacturing company to lower its
manufacturing cost to $1.00 per watt in 2009 and these prices were for panels produced at 14% efficiency
at a reported cost of 59 cents per watt[17]. In 2015, commercial panels with upto 18.6% [8]efficiency are
produced that are expected to further reduce the cost of these panels to less than 40 cents per watt[18]
With lower production costs and higher efficiencies CdTe thin film photovoltaics is proving to be a
sustainable and cost effective means of energy generation and provides a substantial advantage in the

competitive energy market.

1.5ENVIRONMENTAL IMPACT
The positive impact of CdTe photovoltaics is not restricted to only cost and sustainability. It is
also been rated as the most eco-efficient solar technology in the industry that produce more energy, at a

lower cost with the smallest life cycle impacts. CdTe has the smallest carbon footprint of 18 gCO2-



eq/kWh, fastest payback time of under 1 year and lowest water input per unit of 0.27 kg/kWh which gives
it an edge over not only other competitive solar technologies such as Si based photovoltaics but also all
other conventional energy sources[12]. CdTe photovoltaics also have the lowest gross energy requirement
among all photovoltaic systems of about 7.6E+3 MJ/kW with the closest competitor technology requiring
nearly 2 times the energy[12]. Furthermore, large scale uses of CdTe photovoltaics present minimal risks
to health and the environment[12]. Currently nearly 10 GW of CdTe photovoltaics are installed globally
which every minute displace nearly 10 metric tons of €ission, the equivalent of removing two cars

off the road[19]. From safety perspective, CdTe modules are proved to present a competitive advantage
over all other mainstream photovoltaic technologies with resistance to chemical, environmental and
operational impacts[12], [19]. In addition to all the advantages mentioned, this technology also provides

employment to over 40,000 individuals globally[19]

1.6 CDCL, PASSIVATION TREATMENT AND HIGH TEMPERATURECDTE DEPOSITION
1.6.1 INTRODUCTION TO CDCL, PASSIVATION. An important process step in the fabrication of high
efficiency CdTe photovoltaic devices is the cadmium chloride (g§d@dssivation treatment. This
passivation treatment improves film microstructure and electrical characteristics of CdTe photovoltaic
devices[20]. Cells made in our laboratory without Gd@tatment exhibit about ~1% efficiency while
passivation treatment improves the efficiency to over 13%[20]. An earlier study has shown that annealing
treatment in absence of CdQleduces the density of stacking faults in CdTe grains. However, the
treatment time and temperature without Gddtles not have substantial effect on electrical performance
and cell efficiency remains low[21]. Use of cadmium chloride has been known to remove the stacking
faults. Studies carried out on our sublimated CdTe have also shown that the passivation process initiates

preferentially at the CdTe/CdS interface[22].

This study focuses on improving the understanding of effects of ,GuiSkivation treatment and
deposition temperature on CdTe thin-film microstructure and electrical performance. Our baseline devices

exhibit an efficiency of approximately 13%. These are 2.2 g4 pm CdTe thin-films typically



sublimated under modest vacuum of 40 mTorr on a 126 480 nm CdS n-type window layer which is

also deposited using sublimation process. These films are deposited on commercial soda-lime glass and
following the deposition of CdS and CdTe films, Cg@assivation treatment is performed followed by

Cu doping of the back surface to form an ohmic contact. Higher CdTe deposition temperature for CdTe
absorber showed some promise but the study was restricted due to resublimation of CdS during
preheating of the substrate prior to CdTe deposition. Moreover, CdS is a strong absorber of light with
energy above its band-gap of 2.4 eV. The light absorbed in this layer is wasted because carriers

photogenerated in the CdS are not collected.

1.6.2 MGZN;,O INSTEAD OF CDS FOR HIGHER DEPOSITION TEMPERATURE To overcome these
limitations of using Cd®»-type window[23], [24], various high resistance transparent (HRT) layers were
investigated by Kephadt al Mg,Zn;.,O gave the best performance and allowed complete elimination of
Cds layer. MgzZn;, O films (~100 nm thick) have high transmission thus significantly reducing
absorption losses. In addition, Mo, O is very stable at elevated temperatures and thus allowed
deposition of CdTe at much higher substrate temperatures[25]. TREWM® layer was incorporated in

this study to allow higher deposition temperatures. Additional incorporation of Te back contact layer and
refined fabrication process led to some of the highest reported efficiencies for polycrystalline CdTe
photovoltaic cells. A 18.3% device was certified by ILX Lightwave, Newport under this study[26][27]
Only First Solar Inc. has so far reported cells exceeding this efficiency using polycrystalline thin film

CdTe.

1.6.3 OVERVIEW OF HIGH EFFICIENCY DEVICES AND CHARACTERIZATION High efficiency performance

results and characterization reported here are for sublimated CdTe films on radio-frequency (RF) sputter
deposited MgZn; O resistive buffer layer. The devices were fabricated with deposition processes that
were high rate and similar to those used in manufacturing. These results were repeatable and the best
performing device out of multiple fabricated devices with similar efficiency had been externally certified

by ILX Lighwave, Newport to verify the internal measurements performed at Colorado State University.



Detailed materials characterization used to better understand the impact of process modification include
transmission electron microscopy (TEM) and high resolution transmission electron microscopy
(HRTEM) to understand film morphology, linear defects and grain structure. Material distribution within
the film was studied using Energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) wa
used to understand the grain orientation and film texture. Electrical charactenzagiperformed using

current vs voltage (J-V) plot to measure open circuit voltage)(\short circuit current density 4, fill

factor (FF) and external conversion efficiency (1)).



CHAPTER 2BASICS OF PHOTOVOLTAIC CELLS AND ELECTRICAL
CHARACTERIZATION

2.1.THE PN JUNCTION OFCDTE
2.1.1THE SEMICONDUCTORS Fundamentally a solar cell is a p-n junction that has two primary layers: a
p-type and an n-type material. When these layers are exposed to light, a potential difference is created
between the layers due to photoelectric effect. The voltage causes a direct-current electrical energy. This
takes place when the material absorbs light that creates free charge career i.e. electrons which can perform
work in an external circuit. To make a solar device three main parts must be satisfied:

a. A semiconductor which is sensitive to light

b. A p-njunction that creates an electron-hole pair

c. Electrical contacts on either side of the p-n junction to allow generated current to be used for
performing work
Mostly light absorber is a semiconductor with a band gap between 1 and 1.5 eV. This range is
considered optimum as higher band gap material would absorb less light while lower bandgap material
would extract less energy from each photon due to reduced separation of valence and condition band that
will lead to reduced conversion efficiency. Figure 2.1 shows band diagrams for p-type and n-type material

with Fermi level (EF), valence band (VB) and conduction band (CD).

p-type n-type
Ce Cs
————————————— E;
B .
VB VB

FIGURE 2.1 Schematic diagrams of band positions with reference to Fermi level for a
and an n-type semiconductor material
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This suggests that if a p-type and an n-type material are bought in contact they would from a p-
junction. The electrons would move from n-type material to the p-typeiaiaed the holes would move
in the opposite direction. The carriers diffuse from higher concentration to the lower until there is a
depleted region created that is positive on the p-side due to high concentration of ions while negative on

the n-type side as there is an equally high concentration of holes.
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FIGURE 2.2 Schematic diagram showing p-n junction with depleted region and energy bands

2.1.2PHOTOVOLTAIC DEVICE OPERATION When the concentration of the electrons and holes has built up
on either side of the junction the diffusion will stop and the gradient of carriers is balanced. This causes
the Fermi levels in the p-type and n-type material to become equal and therefore the conduction and
valence bands are forced to bend as shown in figure 2.2. Due to this build-up of charge on either side of
the junction an electric field is formed which is critical for the photovoltaic effect.

CdS/CdTe forms a hetrojunction cell. This means that the p-type and the n-type materials are not
the same merely distinguished by change in doping to create p-type and n-type. Due to this materials must

be so selected that there is minimum lattice mismatch. In CdS/CdTe cells, Cd$tigoarmaterial as it

11



has a wider band gap that allows larger current generation from higher energy electromagnetic waves or

photons.
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FIGURE 2.3 Schematic diagram showing band diagram energies of a cadmium Sulphide/cadmiurnr
cell.

As mentioned earlier, electricity is generated due to photoelectric effect. The electromagnetic
radiation is absorbed by the semiconductor material to create electron-hole pair, which are charge carriers.

Then these electron-hole pairs are separated at the junction followed by migration of charge carriers to a

Photon energy (hv) ‘
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FIGURE 2.4 Schematic diagram of photovoltaic effect showing separation of eldait®pair

junction where they are collected by electrical contacts. Generation of electron-hole pair takes place when

energy of incoming photon is greater than the band gap energy
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FIGURE 2.5 Schematic diagram of a p-n junction showing the influence of an electric field during
creation

2.1.3CDTE AS A MATERIAL FOR PHOTOVOLTAIC APPLICATION CdTe is a direct band gap material which
makes it a good photovoltaic material. The photons are absorbed within a ~2um thickness of the film.
And it has a band gap of 1.45 eV which is close to optimum for absorbing solar spectrum. Every photon
with higher energy than the band gap that is absorbed will create a free electron and a free hole. To create
voltage and current to perform external work, this electron-hole pair must separate and then recombine.
An electric field is generated due to charge build-up on either side of the p-n junction which favors the
diffusion of electrons on the-type side of the junction. The electrons that are generated attyipe

material fall into the electron filed that will be forced downhill across the p-n amas represented in

figure 2.5.

The hole generated will interact with the electric field and will be forced intg-tiype material.
Similarly, when photons are absorbed the electrons will tend to go to the opposite direction-typthe
material causing them to separate. This movement caused by the electric field within the depleted zone is
called drift. All these charge carriers are responsible for current generation. The dierqrairs
generated outside the junction that need to be kept separated until they can travel to the junction. The time
for which these electron-hole pairs remain separated is called their lifetime. If these are close enough to
the junction so as to travel to the junction without recombining, they contribute to current charge
generation. The time they spend in their mobile state depends on the material. Defects in the material such

as dislocations and impurities also affect the lifetime. Direct band gap materials generally have shorter
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carrier lifetime, however their absorption coefficient is much higher and therefore allows total absorption
of the visible spectrum with a thinner material (e.g. ~2um for CdTe). The surface of the absorbing layer is
the area where most of the charge carriers are generated and it is important that the surface properties

minimize the loss of free carriers here.

2.2 ELECTRICAL CHARACTERIZATION OF PHOTOVOLTAIC CELLS
2.2.1TERMINOLOGIES AND MEASUREMENTS Solar cells act as diodes under no external illumination. In a
way, they are very similar to diodes except that they are composed of energy absorbing material and have
a large area to collect electromagnetic radiation (photons). One the main characteristic of a solar cell is
that the junction is very close to the surface to allow more photons to penetrate through. Due to similar

properties to diodes, the current relationship of a solar cell may be expressed as:

qv
J=Js|ew 1]

where,J is the cell current), is the reverse saturation currevitis the voltage across the caedljs the

electronic chargek is the ideality factor and is the thermal voltage.

On photo generation of carriers, they ideally get collected at the respective contacts since they are
separated within the bulk material rather than being injected. This is considered as reverse current. A
photovoltaic cell behavior is characterized by the current that passes through the cell at each voltage point
that is called the current density v/s voltage/f curve. The main performance parameters used for
characterization of a photovoltaic device are short circuit curdggl, ©pen circuit voltageMpc), fill
factor (FF) and efficiency ). As mentioned earlier, in the dark, a photovoltaic device behaves as a diode
but in light it is ideally shifted by a constadit which is ideally equal to the rate at which photons are
absorbed. If non-ideal series and shunt resistance are considered, the rdsvltngve follows the
following equation:

AV-Rseries*)) v

J—J()[e kT - 1|-J.+

Rshunt
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While illuminated, there is an exponential increase in forward current along accompanied by a reverse

current due to collection of photo-generated carriers. The point at which these currents sum up to zero is
the open circuit voltagevbc) and the current density at V = 0 is short-circuit current denity. (The

power produced by a photovoltaic cell at any given voltage bias is the product of current density and

voltage. Maximum power point can be used to evaluate the conversion efficiency (electrical power output

divided by optical power input) and the fill factor. These are defined as below:

e V?Tl 'j?ﬂ
Efficiency — —2E2

n

; VinoJ P
Fill Factoy — —2E=0E . _max
VocJsc Pt

where,Vy, is voltage at maximum powedy,, is current at maximum voltag®;, is the input optida
power,PaxiS maximum power anBy is theoretical power. Figure 2.6 below gives a better understanding

of theJ-V curve with important data points.
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FIGURE 2.6 A model J-V curve illustrating the point of maximum power and other important data ps
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The fill factor is thus described as the ratio of power available at maximum power point against the
open circuit voltageMoc) and short circuit currend4g). It basically the measure of the squareness of the

J-V curves. It is therefore clear that greater squareness of curve is preferable.

2.32 ELECTRICAL (CURRENT DENSITY V/S VOLTAGE) MEASUREMENT: Electrical measurements were
performed with a Model 10600 solar simulator from ABET Technologies using a high-pressure xenon arc
lamp with an AM1.5 filter. Current density v/s voltage curves generated based on electrical measurements
performed using Keithley 2420 SourceMeter controlled by a LabView program. The default measurement
configuration is from -0.8 V to 1.2 V in 25 mV increments. Any arbitrary set of voltages can be enabled
in the settings along with limiting current to prevent cell dam&imice areas are measured using a
webcam that takes an image of a backlit solar cell and counts the pixels below certain brightness. Both the
light intensity and area are calibrated for each set of measurements. Short-circuit current density was
calibrated to cells measured by NREL. The cells are contacted by a fixture of spring loaded pins that
provide 4-point connection and collect current from all around the front contact of the device.

In addition,Electroluminescence (EL) images was collected and studied for some devices using
an EL setup that was fabricated and optimized in the Department of Physics at Colorado State

University[28].
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CHAPTER 3CHARACTERIZATION METHODS

3.1.SCANNING ELECTRON MICROSCOPY(SEM)
3.1.1. SPECIMEN PREPARATION FOFRSEM. In order to record good results and collect good images with a
scanning electron microscope, good sample preparation is a very critical step. For this reason the sample
must be fairly flat and conductive. The surface must also be thoroughly cleaned to get rid of any
unwanted contamination or residue. The CdTe samyes therefore cleaned with isopropanol and dried
with ultra-high purity nitrogen or argon gas to minimize residue on the surface. SEM chamber and stage
size limits the size of sample that may be imaged. The samples were cut t& sb tmat multiple
samples could be imaged without breaking vacuum. The samjles cut using a glass cutter and
mounted on brass stub/stage. CdTe is cmrductive but there is a layer of transparent conducting oxide
under the CdTe layer. To make a good conduction path for the electrons, a small area on the CdTe film
surface is scratched and a copper tape placed that cedtieetfilm to the specimen stub/stage. This

allowedthe charge to dissipate for clear undistorted micrographs to be collected.

3.1.2. FIELD EMISSION SCANNING ELECTRON MICROSCOPEIMAGING (FEG-SEM).A Jeol JSM-6500F

Field Emission Gun Scanning Electron Microscope (FEG-SEM) was used for microstructural analysis of
the cadmium telluride solar cell stacks, as well as the individual layers which make up a cell. The FEG-
SEM was generally used to look at the surface of the depositions using an in-lens detector, which requires
a short working distance as it detects low energy secondary electrons coming from the surface of the
sample. A high acceleration voltage of 20 kV with an aperture of 30 um was used. Energy Dispersive X-

ray (EDX) analysis was also carried out in the FEG-SEM using a 20 k\eagteel voltage and 60 um

aperture to give both qualitative and qualitative chemical analysis with Thermo Noran energy-dispersive

spectrophotometer (EDS).
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3.2.TEM SAMPLE PREPARATION USINGFOCUSEDION BEAM (FIB)

With TEM the quality of specimen prepared is normally reflected in the quality and integrity of the
results obtained. High quality TEM samples were prepared using an FEI Nova 600 Nanolab dual-beam
system where, a standard in-situ lift-out procedure was used. Step by step procedure for FIB specimen
preparation is described in detail in appendix I. It is important to note that normally terms samples and
specimen are loosely used interchangeably. However, with electron microscopy, sample refer to the

substrate or object that is being characterized while specimen refer to the particular area on the sample or

part of it that may be isolated from the sample for the purpose of characterization.

FIGURE 3.1 SEM and FIB induced SE micrographs captured at various stages of the in-situ TEN
procedure. A) shows and SEM image of the platinum layer deposited onto the surface; B) s
trench formation; C) shows the sample after the cleaning cross section; D) omniprobe attache:
specimen; E) TEM specimen attached to probe and copper grid; E) specimen after final thiesaid
for TEM imaging

This involved depositing a layer of platinum onto the sample surface above the area to be ,analyzed
using theion beam with a current of 0.5 nA. A typical area of 20 um by 2 pm was covered, with a

thickness of 2 um. An SEM image showing the sample after it is deposited is shown in Figure 3.1A. If the

top 50 nm of the sample is required for analysis then a layer of electron beam deposited platinum (using a
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voltage of 5 kV and current of 1.1 nA) was deposited before the ion beam platinum. Electron beam
platinum has the advantage that it does not implant ions into the sample surface; however the deposition
of platinum with the electron beam is too slow to use for the whole platinum layer thickness. Two
staircase trenches are then cut either side of the platinum layer ihjgfroximately 25 pm x 15 um,

the depth depends on the sample etching rate, but it is usually of the order of less than 10 um using an ion

beam current of 20 nA shown in Figure 3.1B. After the formation of the trenches a few micrometers from
the platinum, a cleaning cross section is used at the lower current of 7 nA to clean up to the platinum,
leaving a sample of approximately 1 micrometer thick shown in Figure 3.1C. Once this is done the
sample is tilted to 7° and a U-shaped cut is formed leaving a small uncut part to support the sample shown
in Figure 3.1D. The omniprobe is then inserted and welded onto the platinum protective layer, with
platinum at 50 pA shown in Figure 3.1D and the final support of the TEM sample to the bulk sample is
disconnected using 1 nA beam. Once this is done the sample should be free and lifted out on the needle
by lowering the stage. The next step is to attach the TEM sample to a copper grid and detach it from the

omniprobe, using a platinum weld at 50 pA and ion beam at 1 nA respectively shown in Figure 3.1E.

Once the sample is attached to the copper grid it can be further thinned down to approximately 100
nm as shown in Figure 3.1F. This is achieved by milling the sample with the ion beam starting at 1 nA
with the sample tilted 0.7° either side of 52°. The sample is milled until it is 500 nm thick. The ion beam
current is then reduced to 0.5 nA and the end 10 um of the sample is milled each side until the sample is
200 nm thick. The current is further reduced to 0.3 nA anditthé um is thinned to 150 nm. Finally the

last 5 um of the sample is thinned using a 100 pA current until the thickness is ~100 nm or less.

3.3. TRANSMISSIONELECTRONMICROSCOPY(TEM)
TEM was carried out using a Jeol JEM 2000FX equipped with an Oxford InstrumentsZ3BD¥Wm
detector and a Gatan Erlangshen ES500W digital camera above the phosphor screen. The TEM provides a
more clear view of the grain structure than most other electron based techniques as the electrons are

passing through the sample and being detected the other side giving a small interaction volume. As the
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sample is ultra-thin, EDX can also be carried at a higher resolution; therefore the detection of any inter-
diffusion between layers is possible. The TEM samples dimensions are relatively small in comparison to
SEM samples. A normal size would be 5 um - 10 pm in length. This means that the location where the

sample must be extracted from must be chosen with care. If a sample is not homogenous several TEM

samples must be produced at different locations to be able to see any variation.

3.3.1.STACKING FAULT CHARACTERIZATION IN TEM. The stacking fault density is measured by counting

how many stacking faults intersect a 1um line orthogonal to the stacking faults. For each sample 10 grains

were measured and an average calculated. As the visibility of stacking faults changes with grain
orientation, a double tilt holder was used in the TEM. The grain was tilted to the [110] zone axis prior to
analysis by moving the Kikuchi pattern into the center as shown in Figure 3.2A. In Figure 3.2A the grain
shows almost no signs of stacking faults and when the Kikuchi pattern is collected from the grain, no
zone axis was in the center. The sample was then tilted until the [110] axis is centered. The electron beam
is then directed along the (111) plane which makes the stacking faults visible as shown in Figure 3.2B

This exercise was performed for each grain to measure stacking fault density.

FIGURE 3.2 Bright field TEM micrographs showing the effect of orientation on the visibility of ste
faults: A) shows the grain not at a low order zone axis; B) shows the same grain as in image /
the [011] zone axis (convergent beam diffraction patterns for these orientation are inset)

3.3.2. HIGH RESOLUTION TRANSMISSION ELECTRON MiIcRoOscoPY (HRTEM). High Resolution

Transmission Electron Microscopy (HRTEM) was also carried out using a FEI Tecnai F20 (S)TEM.
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When the samples were prepared they underwent an extra step, a low voltage FIB clean-up of each side of
the sample. The voltage of the ion beam was reduced to 5 kV and the current to 70 pA and the sample
was tilted 2° each side of 52° (in-line with ion beam) and milled with the ion beam for 2 minutes. This
reduces the amount of ion implantation and beam damage for better lattice imaging. HRTEM can be a
useful technique for characterizing defects within the lattice of cadmium telluride and cadmium sulphide
grains. Providing the sample is prepared well and the orientation of the sample is at the correct zone axis,
a resolution of 0.2 nm can be obtained. This gives atomic resolution images so that stacking sequences
can be interpreted and defects characterized as twin boundaries, intrinsic stacking faults or extrinsic
stacking faults. Lattice spacing can be measured from the atomic resolution images using software to

characterize the image.

3.3.3. SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM). Scanning Transmission Electron
Microscopy (STEM) was carried out in a FEI Tecnai F20 S/TEM equipped with Gatan Bright and Dark
field STEM detectors, Fischione High Angle Annular Dark Field (HAADF) STEM detector, Gatan
Enfina Electron Energy Loss Spectrometer and an Oxford Instruments X-Max 80mm2 windowless
energy-dispersive spectrometer (EDX). STEM imaging was performed at 200 kV with a camera length of
100 mm and endenser aperture size of 70 um using a spot size of 7. HAADF images were collected in
conjunction with STEM bright field images. HAADF imaging gives a unique perspective as the higher
the atomic weight of the material the more the electrons passing through the sample will be detected.
Therefore the amount of signal collected will depend on the atomic weights of the sample, giving atomic

weight contrast in the image.

3.3.4.ENERGY DISPERSIVEX-RAY (EDX) IN SCANNING TRANSMISSION ELECTRON MICROSCOPY The

(S)TEM system is equipped with a Silicon Drift Detector (SDD) allowing high spatial resolution Energy
Dispersive X-ray (EDX) measurements and chemical mapping. This was largely used for mapping
diffusion of elements such as chlorine and sulphur in the cadmium telluride matrix. Point analysis is also

useful as quantification of elements can be acquired with a sensitivity of ~0.5 at% for light elements such
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as chlorine. EDX spectra were collected for 120 seconds. Maps were collected using the largest condenser
aperture (150 pm) with the largest spot size. This allowed for a high number of counts. The dead time was
controlled by changing the process time; each frame took approximately 120 seconds to collect. Maps

were collected from 10 minutes up to 1 hour with no discernible sample drift.

3.3.5. ELECTRON BACKSCATTER DIFFRACTION (EBSD). Electron Backscatter Diffraction (EBSD) is a
microstructural crystallographic technique which can be used to map grain orientation as well as phase
identification, grain boundary angle information, grain defect information and grain size measurements.
EBSD was carried out in the dual beam FEI Nova 600 nanolab using an ultra-high speed Hikari EBSD
camera. The sample was tilted to 70° and a background signal subtracted to improve the Kikuchi patterns.
An electron beam voltage of 20 kV was used with a nominal current of 24 nA. The collection rate of the
Kikuchi patterns was 46 frames per second due to the slow scan speed required due to the small grain size
of the material, which were indexed against a cubic/hexagonal cadmium telluride structure file. EBSD
requires a very smooth surface for effective microstructural mapping. Therefore to analyse the surface of
the cadmium telluride directly, a section of the surface was smoothed with a FIB using a beam current of
1 nA. The result of this sample preparation provides an adequately smooth surface for EBSD

measurements to be obtained as shown in Figure 3.3.

Substrate

FIGURE 3.3 SEM image showing the area of analysis of treated cadmium telluride sam)
being polished by FIB
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The resolution of Electron Backscatter Diffraction can be improved from tens of nanometers to
around 5 nanometres if an electron transparent film is produced and positioned at 20° to the horizontal.
Kikuchi patterns can be produced and collected from transmitted electrons from the underside of the
sample. This setup is shown in Figure 3.4. An electron beam voltage of 30 kV was used and a current of
6.9 nA. This increases the spatial resolution of EBSD which is advantageous for this study due to the

small grain size and defects such as twins present in some of the samples.

Electron

column Diffraction pattern on
phosphor screen

EBSD
Camera

Sample

FIGURE 3.4 Schematic of Transmission Electron Backscatter Diffraction hardware and sample pi

3.3.6. SECONDARY ION MASS SPECTROSCOPY(SIMS). Secondary lon Mass Spectroscopy (SIMS) was
carried out at Loughborough Surface Analysis (LSA) for elemental distribution of cadmium, tellurium,
copper, oxygen, chlorine, tin and sulphur. A Cameca IMS 3F and 4F were used for SIMS depth profiling.
The analysis was performed using Cs+ primary ion bombardment at 10 keV with a current of 1 pA with a

spot size of 60 um and negative secondary ion detection to optimise the sensitivity to chlorine. O2+

primary ion bombarghent at 10 keV with a current of 20 pA with a spot size of 10 pm and positive
secondary ion detection was used to optimize the sensitivity to copper. The chlorine data was quantified
using an implanted reference sample of chlorine in cadmium telluride. No suitable reference sample was

available with which to quantify the copper data.
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3.3.7. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS). Additional elemental characterization was
performed using a PHI800 XPS which utilized a monochromatized Al Ko x-ray source and a
neutralizing electron shower to reduce charging. The films were sputtered with a rastering Argon ion

beam at a voltage of 5 kV over an area of ’rfandepth profiling at Colorado State University.
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CHAPTER 4DEVICE FABRICATION

4.1.TOOLS FOR DEVICE FABRCATION
4.1.1.BASELINE FILM DEPOSITION SOURCECdTe thin-films are deposition, CdQbassivation treatment
and CuCl deposition is carried out using an optimized sublimation deposition process using a single
vacuum chamber with multiple sublimation sources called the Advanced Research Deposition System
(ARDS)[29]. The ARDS consists of graphite sublimation sources that have nichrome based resistive

heaters embedded within the source. All the necessary processes for making CdTe photovoltaic cells may

be
Nichrome resistive (top) A,O O O O O
A)  heaters

Graphite source top —
Substrate B ]

Graphite sublimation >

Wells to hold sublimation X T T T | T —— | T
material - Lo- L L L__

Nichrome resistive
(bottom) heaters

Q)

B)

FIGURE 4.1 A) Schematic diagram of graphite vapor source for sublimating CdS, CdTe, Cd
CuCl B) Deposition wells as seen from top of a graphite sublimation source C) A typical
sublimation source
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executed in this system. These sources have wells drilled in them that contain CdS, Cd7 eC@ZiCl
and other heating as well as controlled cooling sources that are used to control substrate temperature
during the process. A schematic diagram of one such graphite sublimation source is shown in Figure

4.1A.

4.1.2. SUBLIMATION TOOL. Figure 4.1B and 4.1C are photographs representative of typical ARDS
sublimation sources. Controf bottom source temperature allows the control of vapor pressure leading to
control over the deposition rate of each species. The top temperature in combination with bottom controls
the radiative power and therefore the temperature of the substrate through the process. All the sources
control temperature using a proportional-integral-derivative controller that is tuned to minimize

variability. This allows maintain the temperature to + 1°C during all processes. An automated transfer arm

Vacuum Boundary \ /Gate Hohee # Load Lock A
X I

Magnetic Transfer Arm -
]

U
LI |T I o N

Back Contact cdci2 CcdTe  Cds H1

9 process stations

FIGURE 4.2 A) Schematic diagram and B) Photograph of the Advanced Research Deposition
(ARDS)
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allows control over the sequence and duration of the processes. The process is based on a continuous
process with 2 minute cycle time. However, as per requirement of the experiment, the sequence as well as
cycle time may be altered and executed[30]. The system also allows switching between standard ambient
of 2% & in N, and pure Mas per the call of the experiment plan. The motion of the transfer arm may be
controlled using a LabView program which also allows monitoring of system pressure and substrate

temperature[30]

4.13. SPUTTER DEPOSITION OMG,ZN1O. The thin films are deposited on NSG TEC 10 soda lime glass

that is coated with fluorine-doped tin oxide (FTO), a transparent conducting oxide (TCO). 100 nm
MgxZn; O films are deposited using RF planar sputter deposition process. The process gas pressure is set
at5 mTorr with a composition of 1% oxygen in argon. The targealcomposition of 11 wt% MgO with

89% ZnO and a diameter of 10 cm. The substrates were not heated during the sputter deposition.
Deposition was carried out at room temperature. Approximately 10 minutes of deposition at 180 Watts
gave the desired film thickness of 100 nm. The target was set at a distance of 15 cm from the substrate
and a shutter mechanism was used to ensure cutting off deposition was prompt at the end of desired

time[25].

FIGURE 4.3 RF sputter deposition system with a) RF generator b) computer control fr
pressure and species ¢) pump controls d) temperature measurements using PID substrate t
control e) load lock with magnetic transfer arm f) stainless steel vacuum chamber g) contr
for Ar and O h) RF match network
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4.2.FILM DEPOSITION METHODS
Following section describes the standard film deposition procedures and conditions used in this

study. Any deviation from these deposition conditions will be specified in respective sections.

4.2.1. ANTIREFLECTION COATING DEPOSITION A 4-layer antireflection coating is deposited on the
uncoated soda-lime glass side of the TEC 10 substrate using ion beam sputter deposition in a Veeco
SPECTOR system. This film is of the Reichert design and is based on the coating reported by Kaminski
et al. The design uses smooth oxide layers of precise thickness to provide destructive interference over a
wide range of wavelength and angle of incidence. In this cag®; T@used for the high-index layer and

SiO; is used for the low-index layer. Refractive indices for the two oxide materials are measured using
variable angle spectroscopic ellipsometry (VASE); thickness results are verified with profilometry. A
program is written in MATLAB which calculates the front-surface reflectance of the structure using the
transfer-matrix method. This reflectance is multiplied by the photon flux at each wavelength for the
AM1.5G spectrum, and a global optimization is performed to minimize the calculated loss in short-circuit
current due to reflection. Reflection measurements are performed using an integrating sphere at 8° from

normal[27].

4.2.2.CDS N-TYPE WINDOW LAYER DEPOSITION A 120 nm -130 nm layer of CdS is deposited using
sublimation tool using the ARDS. The standard deposition of CdS is carried out at substrate temperature
of ~520°C. For this purpose the substrate is preheated in the preheating source where the top and bottom
heaters are set at 620°C. Preheating is performed for 110 seconds after which the automated magnetic
transfer arm moves the substrate to the CdS sublimation source. This CdS sublimation source has bottom

source temperature of 615°C - 625°C and the top source temperature is set at ~420°C[30]

4.2.3.MGq »3ZNg 770 BUFFER LAYER DEPOSITION The thin films are deposited on NSG TEC 10 soda lime
glass that is coated with fluorine-doped tin oxide (FTO), a transparent conducting oxide (TCO). 100 nm

Mgo.23ZNo 770 films are deposited using RF planar sputter deposition process. The process gas pressure is
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set at 5 mTorr with a composition of 1% oxygen in argon. The target has a composition of 11 wt% MgO

with 89% ZnO and a diameter of 10 cm. The substrates are not heated during the sputter deposition[25].

4.2.4.CDTE P-TYPE ABSORBER THINFILM DEPOSITION Devices described in this study are fabricated on

the Mg 2ZNng 770 films using a continuous vacuum process in a conventional superstrate configuration
The CdTe sublimation source has a bottom heater to heat the material for sublimation. A top heater
positioned above the substrate enables the substrate to be maintained at the desired temperature. A
graphite vapor source containing CdTe is heated to 552°C°C3&@tom and 360°C top while the
substrate is preheated to ~610°C in a separate heater before introducing the hot substrate into the
sublimation source. These temperature and time set points are determined after several empirical
experimental iterations to achieve the desired thickness of CdTe films. The thickness of the CdTe films is

maintained at ~3.0 um[30].

4.3.PASSIVATION TREATMENT AND BACK CONTACT
4.3.1.CpCL, PASSIVATION TREATMENT. After deposition of CdTe film the substrate is then passed over a
CdCl, source for the Cdgdeposition and activation process immediately after CdTe deposition, without
breaking vacuum. Approximately 4 um Cd@Im is sublimated on CdTe where the Cgd@bttom source
temperature is maintained at 447°C while the top heater to maintain substrate temperature is set at 387°C.
This deposition takes 180 seconds after which gdClivation is carried out for another 180 seconds
where in both top and bottom heaters temperatures are maintained at 400°C[30]. The cadmium chloride
passivation treatment is carried out indimosphere. After Cdgactivation for 180 seconds the substrate
is taken to a cooling station for 300 seconds which has only a top heater maintained at 435°C. This station
does not possess a bottom heater. Following cooling, the substrate is removed from the ARDS and rinsed

using deionized water.

4.3.2. CuCL TREATMENT. Copper chloride in controlled quantity has been known to be critical for

formation of back contact and bulk doping of CdTe photovoltaic fiims[31]. For Cu treatment CdTe film
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with CdCI2 passivation is reintroduced into the ARDS and heatedS@&5 seconds using a heating

source set at 330°C. Following the preheating step, the substrate is introduced into the CuCl sublimation
source where the bottom source temperature is set at 190C while the top heater for the substrate is set at
170°C. CuCl sublimation is performed for 110 seconds and then the film is annealed in another process

station within the ARDS at 200°C top and bottom source temperature for 220 seconds[30]

4.3.3.TE BACK CONTACT DEPOSITION 20 nm tellurium back contact is deposited using a Cooke Vacuum
Products physical vapor deposition (PVD) system model MK-VHR. 99.999% pure tellurium pieces

used for deposition are obtained from Sigma-Aldrich Corporation. Tellurium pieces are placed in a
molybdenum evaporation boat coated with alumina. Acoustic impedance of the controller for deposition
is set at 9.81 g cm-2 s-1. During deposition the electric current is set between 70 A and 90 A to achieve a
steady deposition rate of 5-10 A/s. The deposition rate and thickness are measured using a quartz crystal
monitor and monitored via an external digital display. A sliding shutter between the deposition boat and
the substrate allows abrupt start and termination of Te deposition on the substrate. This shutter is
manually operated from outside the vacuum chamber. The pressure during Te deposition is maintained at

10-5 Torr or less. Substrate is not heated during Te deposition.

4.3.4.CARBON AND NICKEL BACK ELECTRODE FABRICATION Following the deposition of 20 nm Te back
contact layer the films are ready to be coated with carbon and nickel paint to form the back electrode.
Carbon (graphite) paint in polymer matrix that is diluted using methyl ethyl ketone (MEK) is sprayed on
the Te surface to a thickness of about 50 um. This paint is allowed to dry for 2-5 minutes after which
similar nickel paint is sprayed. The nickel paint is made from fine nickel particles suspended in a polymer
binder diluted with methyl ethyl ketone. The thickness of this nickel paint is about 100 um. The painted

surface is allowed to dry for 6-8 hours.

4.3.5.DELINEATION AND PHOTOVOLTAIC DEVICE FABRICATION. Once the paint is completely dry, the

films are delineated into 25 square devices on each substrate with each square device measuring
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approximately 0.65 cfn Delineation is carried out by masking the painted surface of the film and bead
blasting the unmasked regions thus exposing the TCO in the unmasked areas. Thin line of indium is

soldered in the regions between the cells that have TCO exposed to from the front electrode contact.

—— 4 e ——

FIGURE 4.4 A) CdS deposited on Tecl2 D soda lime glass coated with SnO2:F; B) MgxZn1-xC
deposited on Tecl0 soda lime glass coated with SnO2:F; C) CdTe sublimated on CdS or MgxZr
CdCl, deposited on CdTe before being rinsed with deionized water; E) Te deposited on CdTe aft
rinse and Cu treatment F) Film painted with C and Ni paint and bead blasted to be delineated in
format g) film painted with C and Ni paint and bead blasted to be delineated into a 9 cell format h
the appear from front side of glass

4.4PROCESS AND PERFORMANCE REPEATABILITY OEDTE DEVICES
The in-line sublimation tool has been extensively used for fabrication of CdS/CdTélgnd
«Zn,O/CdTe photovoltaic device fabrication. These films exhibit very good repeatability of film structure
as well as device performance. Once the parameters are dialed in for desired configuration of film stack,
the tool allows repeated fabrication of multiple films that have identical performance. Since 2010, the
system has been operational for over 1050 days allowing fabrication of an average of 7-10 substrates each
day. Each substrate has 6, 9 or 25 devices. All devices on each substrate and subsequent substrates

fabricated using similar process parameters have identical performance and the process is highly

31



repeatable. This has been demonstrated with several different film configurations with over 100,000

fabricated small area devices.

To keep a check on repeatability of process and maintain a constant reference, CdS/CdTe baseline
cell are fabricated from time to time. These baseline devices are fabricated using identical process
parameters. Figure 4.5 represents average performance of these baseline devices over a period of 36
months. Very consistent performance repeatability is observed over these 36 months with 100s of devices.
Over time reduction in the spread of performance is observed which may be attributed to reduction in
time that the vacuum chamber is exposed to atmosphere. The system undergoes a biweekly preventive
maintenance and reloading of deposition materials and apart from occasional breakdowns, these are the
only times the vacuum chamber is exposed to environment. Table below also shows standard deviation of
each performance parameter. Such statistically significant data set gives researchers the ability to

confidently conduct scientific studies that are statistically relevant.

Table 1

Average J-V performance of fabricated devices over a period of 36 months[30]

Voc [MV] Jsc [MA/cm?] FF (%) 17 (%)

762 £ 23 21.3%2 73+2 12+0.6
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FIGURE 4.5 Average performance (+ a standard deviation) for each sample set over 36 months peri
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CHAPTER 5EFFECTS OF CDCLPASSIVATION TREATMENT

5.1CDCL, TREATMENT METHOD

CdCl, passivation treatment is performed using several different methods. These methods include
vapor treatment, wet treatment and sublimation treatment. All these treatments are followed by high
temperature activation process. The Gdfdatment described and investigated in this study is performed
by sublimating CdGlon as deposited CdTe in the ARDS. For sublimation of £t sublimation
source temperature is maintained at about 435°C while the top heater is maintained at about 385°C when
the substrate enters the Cgd@ublimation source[32]. When the substrate enters the,@dGlimations
source after CdTe film deposition the temperature of the substrate is approximately 460°C. The
sublimation is carried out for 180 seconds under baseline conditions followed by 180 seconds of
activation. The activation is performed in the ARDS primary chamber at the annealing station where the
bottom and top temperature of the annealing source is maintained at 400°C. At the end,of CdCl
passivation process and activation treatment there is few microns of I€didlie that is left on the CdTe
film surface that is rinsed using deionized water. Our baseline devices see an improvement of electrical
performance from about 1% to over 12% in efficiency with this gg@tsivation treatment[20], [22],
[33]. This improvement is caused by enhancement of all major performance parameters viz. short-circuit

current, open-circuit voltage and fill-factor.

CdCl, passivation treatment is known to have a major impact on device performance for several
decades but the precise cause of such improvement has not been very well understood. Through this study

it is understood to have at least 3 major effects on CdTe film structure and electronic properties:

1. CdTe thin-film grain growth
2. Recrystallization of CdTe

3. Chlorine doping the CdTe grain boundaries
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In the subsequent sections the understanding developed during this to better understand and refine

CdCl, treatment for CdTe photovoltaics will be described.

5.2CDTE THIN-FILM GRAIN GROWTH

Grain growth in CdTe films can be observed with change in surface morphology of CdTe films under
an SEM as well as change in grain size observed under a cross-section TEM specimeB.1Fstpangs
SEM images of CdTe film surface at increasing passivation times. It can be distinctly noticed that as
deposited CdTe thin-films without a CdQbpassivation treatment has faceted grains with prominent
troughs between the grains. As the passivation time increases there is a gradual increase in efficiency
observed along with change in surface morphology. The grains become less faceted with increasing
passivation time and coverage of the films appears to get more homogenous. Reduction in troughs
between the grains is also observed and it gets increasingly difficult to distinguish individual grains with

increasing passivation time[20]
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FIGURES.1 SEM images of CdTe surface as it changes with QuiSkivation time.

Cross section TEM images also show change in grain size. As deposited films appear to have several
smaller grains at the CdS/CdTe grain boundary with another 1-2 layers of grains that form an

approximately 2.4 um film. As Cdgpassivation time is increased there is a clear reduction in density of
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smaller grains observed at the CdS/CdTe grain boundary and larger CdTe grains are progressively

observed. This trend can be clearly seen in figze
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FIGURE5.2 Cross section TEM images of CdTe film as it changes with pd€sivation time.

The representative TEM image of CdTe film treated for 180 seconds also suggests that after 180

seconds of treatment there are CdTe grains that appear to grow from CdS/CdTe interface to the back
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surface of the film. This is a trend observed in several other TEM micrographs with 180 seconds or longer

passivation treatment[26][22]

Terheggeret al have shown that Cdgpassivation treatment initiates at the back surface[34]. The
best understanding for this mechanism suggests that CI travels to the CdS/CdTe interface through the
CdTe grain boundary and after some accumulation at the interface begins changing the grain structure.
Figure5.3 shows cross section EDS map of baseline CdS/CdTe films with Cl decorating the CdS/CdTe

interface and CdTe grain boundaries.

{
Dark field TEM

250nm 250nm 250nm

FIGURE 5.3 Cross section EDS maps of CdS/CdTe interface and parts of CdTe grain bounda
180 seconds Cdgpassivation treatment.

Study was also performed to understand whether presence of Cl is in form go€d€independent
chlorine. Since the film has dominant content of Cd, EDS maps with,@@@ted were not conclusive.
Therefore, for imaging purpose CdTe films were treated with M88&]l With this study it was revealed
that Cl at the grain boundaries was in from of chlorine and no Mg signal was detected at CdTe grain
boundaries or interface. A reaction between G&@t CdTe to for independent chlorine is not a feasible
reaction. However, when vacancy Ter{Vvbeing replaced with CI is considered for Gibbs free energy

calculation, breaking down of CdCb form independent Cl appears feasible, &d C}. is considered
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it gives a value of 531.9 kJ/mole while the energy of formation for £®#3439 kJ/mole[36]. This
explains the presence of Cl at grain boundaries in form of chlorine and not as a chloride. This explanation
is suggested by Let al has shown through electron energy loss spectroscopy (EELS) and density

functional theory (DFT) modeling thatryexist in CdTe thin films[37]

CdCl, 2 Cd + 2Cl (AG = +343.9 ki/mole)

CdCl;, 2 2Cly + Cd (AG =-531.9 kJ/mole)

Study published by Zhowet al explains the mechanism involved in CdTe grain growth and
elimination of small grains[38]. Cd&Cbreserves its linear molecular structure in the vapor phase and
exhibits high vapor pressure. Temperature of 400°C at whickdC} activation treatment is preformed
sufficient CdC} exists within the CdTe films. The interaction between CdTe and ., GgGLfficient to
affect the polycrystalline grain structure. Study of CdTe-Gglase diagram reported by H.Tedi al
[39]and liquid phase epitaxial growth study published by Sataéd40] suggests formation of a eutectic
liquid that causes recrystallization of CdTe grains to form larger grains and elimination of small grains.
CdTe and CdGlphase diagram shows that at 508°C they form a eutectic liquid. Thermal modeling shows

that initial temperature of our substrate during Gd@atment reaches such temperature.
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Figure 5.4 Phase diagram of the CdTe-Gdgbstem

38



5.3RECRYSTALLIZATION OF CDTE
CdCl, is believed to act as a flux agent that increases the atomic mobility of CdTe at annealing

temperatures. CdTe films before Cgd@assivation treatment show very high density of stacking faults as

RegionA

RegionB

After CdCl 5 nassivation

e

FIGURES.5 TEM and HRTEM showing stacking faults (A) before Gdézlssivation and presence
only twin boundaries (B) after passivation treatment.

can be seen in the TEM image in figur&% HRTEM image of a small region A confirms the presence

of stacking faults prior to Cdgpassivation treatment. After CgQlassivation treatment stacking faults

are eliminated as can be seen in the representative TEM image in figBrd&in boundaries persist in

the CdTe microstructure after CdQlassivation treatment but these twin boundaries are benign to CdTe
phaovoltaic performance as shown by Hyun Yeioa[41]. Studies by Kimet a[42] and Abbat al
[33]have also shown that only temperature in absence of,@dGiot have any effect on orientation and
texture of CdTe films. Exposure of these films to high temperature in absence gfdGd€Ihot remove

the stacking faults. However, presence of Gadidkes cause randomization of CdTe film crystals. During
this randomization process CdTe films recrystallize during which Cl atoms are understood to be

occupying M. sites resulting in elimination of stacking faults. This explanation can be supported by the
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study conducted by Abbat a[22] that showed stacking faults reappear when the chlorine is removed

from the films by reheating the passivated substrate under vacuum.

5.4 CHLORINE DOPING THECDTE GRAIN BOUNDARIES

Chlorine plays a greater role than mere recrystallization and grain growth of CdTe grains. Cl is
known to dope the CdTe grain boundariesype that leads to higher device performance. This is
understood to be caused increase in electron mobility induced by creation of better conduction path
created byn-type doping the grain boundariesgsftype absorber material. Maa a[43] have shown that
over 90% of Cl in the CdTe films is concentrated at CdTe grain boundaries. It is also calculated using
EBSD and SIMS under the same study that Cl concentration of 2‘ad@s/crf relates well to the
measured Cd and Te concentration that ranges between 3.4x1®5x10%atoms/crh. These results
imply that upto 60% of the available Te atoms are bound to Cl at the grain boundaries. Cl concentration in
the grain bulk is measure at 4Xf@toms/cm. In support of these observations Ablesa[44], Li et
al[45] and Maoet al43] have detected higher concentration of Cl at CdTe grain boundaries using ToF-
SIMS (time of flight secondary ion mass spectroscopy) and EDS. Similar Cl signature is also observed in
our sublimated CdTe films as seen in TEM/EDS maps in figl8as well as ToF-SIMS maps shown in
figure 5.6. Depth profiling is not a good measure of Cl concentration in the film since over 90% of the CI
signal is associated with grain boundary and larger grains would have fewer grain boundaries. Therefore,
films with larger grains will show much lower Cl content in the film compared to films with smaller
grains. However, the concentration of Cl at the grain boundaries of both these specimen may not be very

different.
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In addition, Liet al have shown using EBIC (electron beam induced current) imaging that a CdTe
photovoltaic device before CdQteatment has dark grain boundaries while after treatment are bright and
show high current collection[37]. EELS (electron energy loss spectroscopy) of such a grain boundary also

show that Cl occupies+V sites. These studies also relate well to the results obtained from DFT (density
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FIGURE 5.6 ToF-SIMS (time of flight secondary ion mass spectroscopy) showing Cl concentr

CdTe grain boundaries (top 3 images) and SIMS depth profile showing lower Cl concentration
with larger grains (bottom plot).

function theory) modeling that strongly imply that any grain boundary will absorb sufficient Cl to clean
up the gap and turn the matemetype explaining EBIC observations[41]. The built-in field formed in the
regions between the grain boundary and grain interior help separate photogenerated carriers and reduces

carrier recombination. Electrons get attracted to the grain boundaries while holes are repelled making
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grain boundaries and grain interiors independent pathways for electron and hole conduction respectively.
Figure 7 shows a schematic of band diagram representing formatignmfgunction at the CdTe grain
boundary.

These results imply Cl has a major role in not only altering the crystallographic and morphological

characteristics of CdTe films but also in enhancing its electronic properties to form a good photovoltaic

device.
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FIGURES.7 Schematic sketch showing band diagram of the p-n-p junction at CdTe grain boundal
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CHAPTER 6CHARACTERIZATION OF BASELINE CDTE FILMS AND DEVICES

6.1 STRUCTURE OFBASELINE CDTE FILMS

Cadmium telluride thin films are deposited using optimized sublimation based deposition on NSG-
Pilkington TEC 12D soda lime glass that is coated with fluorinated tin oxide (FTO) that acts as a
transparent conducting oxide (TCO). A continuous vacuum process is carried out to deposit the films in
an inverted configuration[30]. Graphite vapor sources containing CdS, CdTe anda@sGéated to the
sublimation temperatures of the respective materials. The superstrate is passed over different sources and
forms a sealing arrangement with the graphite. A ~ 120 nm layer of cadmium sulfide is first deposited
onto FTO layer followed by ~2.4 um layer of CdTe. Cadmium chloride passivation treatmeniCain400
2% oxygen atmosphere is then carried out followed by annealing. The baseline passivation treatment time
for these kinds of films is 180 seconds that is considered as the baseline reference in this study. Following
this a copper doping process is carried out. Each substrate allows fabrication of 9 research scale cells <
cm in diameter. Multiple cells with each process condition are prepared and the electrical characterization
presented here shows the best performing device from each such substrate while all the fabricated devices
follow the trend.

Baseline samples are prepared by preheating the substrate at 620°C for 110 seconds. Thereafter, a 120
nm CdS layer is deposited at 440°C substrate temperature followed by deposition of the CdTe layer.
Entering the CdTe source the temperature of the substrate®s.4#4s is followed by CdGldeposition
where the substrate temperature when it enters the,GdQlce is 40&. The temperature of the
substrate at each stage is determined using advanced thermal modeling software that is designed using
LabVIEWI[30].

An important process step in the fabrication of high efficiency CdTe photovoltaic devices is the
cadmium chloride (CdG) passivation treatment. This passivation treatment improves film microstructure

and electrical characteristics of CdTe photovoltaic devices. Cells made from films using closed space

43



sublimation discussed here, without chloride treatment exhibit ~2% efficiency while passivation treatment
improves the efficiency to ~12% or higher. An earlier study has shown that annealing treatment in

absence of Cdglreduces the density of stacking faults in CdTe grains [8]. However, the treatment time

p
Tec 12D Glass Substrate '
o
0%
Sn0,:F TCO 430

n-type CdS

p-type CdTe
cdcl,

and Cu

C paint in polymer binder
Ni paint in polymer binder
FIGURE 6.1 A schematic diagram of baseline CdTe thin film photovoltaic device (not to scale)

and temperature without CdCtoes not have substantial effect on electrical performance and cell
efficiency remains low. Use of cadmium chloride has been known to remove the stacking, f@ults[6

6.2 MATERIALS CHARACTERIZATION OF BASELINECDTE FILMS
6.2.10VERVIEW OF CDTE FILMS. To understand the microscopic properties of CdTe films it is important

to understand the basic structure of the film as can be seen under a transmission electron microscope.

-

FIGURE 6.2 cross section tem micrograph showing vario-us layers of a baseline cdte film[20]
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As can be observed in the cross section TEM micrograph, the film consists of distinct layers of
transparent conducting oxide (SnO:F), CdS and CdTe. Cp&3sivation treatment is applied after
depositing the CdTe layer. Once the Cdiidze is rinsed with deionized water, substrate is reheated to

~90°C and Cu doping is performed by sublimating CuCl followed by 220 seconds of annealing at 220°C.

I No C_g_C'_'LTDassi'vatign . RegionA
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RE 6.3 Surface SEM (left), BF- STEM (center) and HRTEM (right) showing effect of 4
passivation on grain microstructure in CdTe film of baseline samples.

6.2.2EFFECT OFCDCL, PASSIVATION ONCDTE FILMS MICROSTRUCTWRE. Grains of the CdTe layer have a
very high density of stacking faults before Cgd@hassivation treatment is carried out. The difference
between the internal structures of such grains can be observed in the HRTEM images inJigure 6

As deposited CdTe films without CdCpassivation show distinct grains that can be seen in the
surface SEM micrograph. Cross section BF-STEM image shows smaller grains at the CdS/CdTe interface
and high density of stacking faults that can be confirmed from the HRTEM image. After 110 second
baseline CdGlpassivation is carried out, SEM image reveals a more homogeneous coverage of CdTe.
Further, BF-STEM image show no signs of stacking faults while HRTEM confirms elimination of

stacking faults. Presence of twin boundaries is seen post ga&livation treatment.

45



Cadmium Telluride

0001 2110

FIGURE 6.4 cross section ebsd of as deposited (left) and cdcl2 treated (right) cds/cdte films

EBSD proved to be a very important tool in understanding grain orientations as well as defects such
as stacking faults and grain boundaries in CdTe and CdS films. Cross section EBSD map in figure 5.4
shows larger concentration of smaller grains at the interface of CdS and CdTe. Such large concentration
of small grains is not observed in films that underwent g@&ssivation treatment. Also, it is observed
that grains after passivation treatment that are adjacent to each other have similar orientation unlike as-
deposited films. In addition, for as-deposited films it can be seen that some regions show multiple colors
in the same region as well as abrupt change in orientation within a grain. This suggests presence of

defects that are not seen in film after Cdg@assivation treatment.
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Figure 6.5 Grain size and defect analysis using EBSD in as deposited CdTe film
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Figure 6.6 Grain size and defect analysis using EBSD CdTe film after baseline passivation treat

EBSD analysis of CdTe grains on the surface before (figure 5.5) and after passivation treatment
(figure 5.6) shows a significant increase in grain size as the average size goes from <Q@4Q64
unt with passivation treatment. The EBSD map also reveals that average length of twin boundaries
reduces from 2.38 pm/pfto 2.08 pm/urhas we go from as deposited to Cg@ssivated CdTe film.
This signifies that not only is there an increase in grain size with,QmSkivation treatment but also
notable decrease in line defects that may be playing a crucial role in improvement of CdTe device
performance.
6.2.3EFFECT OFCDCL, PASSIVATION TIME ONCDTE FILM MICROSTRUCTURE As deposited films have
very well defined grains which can be observed in the surface SEM images CdTe. With increase in
passivation time there is a gradual change seen in surface morphology of the film. Particularly going from
30 second treatment to 60 second treatment, on close observation, grains can be seen to get more dense
On further continuing the treatment, the surface becomes more homogeneous and voids between the

grains appear to reduce. However, surface SEM images do not provide detailed information about the
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film microstructure. Therefore, to understand this better, cross section images were collected for some of

the same set of samples that are presented in figure 5.8.

10 second 60 second

FIGURE 6.8 Cross section TEM images of CdTe film as it changes with QuStivation time

Cross section TEM images appear to have line defects clearly visible in as deposited films. However,
as passivation time for these films is increased, the density of these defects reduces. The grains also seem

to be getting larger and morphology appears to be getting cleaner. To achieve a better understanding of
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these higher magnification as well as high resolution (atomic resolution) images were studied. Figure 5.6
shows higher magnification of one of the grains which shows large density of defects in an as deposited
CdTe film without CdC{ passivation treatment. On looking at a higher magnification image stacking

faults are visible in large grains.

FIGURE 6.9 Cross section TEM images of as deposited CdTe film with higher magnification of a
showing stacking faults

Further investigation of these linear defects and what happens to them after passivation was of

most interest. And therefore, high resolution TEM images were studied.

N4 K1 LR
Stacklng aglfs

FIGURE 6.10 HRTEM image of a region within the grain reveals definitive signs of high den:
linear defects seen in CdTe grains (twins and stacking faults) in as deposited CdTe film
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HRTEM image confirms the presence of stacking faults in as deposited films that did not undergo
CdCl, passivation treatment. It is also observed in another HRTEM image captured post CdCl,

passivation treatment shows no stacking faults but twin boundaries still persist.

i\_\i\\i\

FIGURE 6.11 HRTEM image of a region within the grain reveals definitive signs of twin boundar
CdCl, passivation treatment.

To summarize, baseline samples without Gdzlssivation treatment have high density of stacking
faults and twin boundaries. Passivation treatment removes stacking faults but twin boundaries continue to
persist. These twin boundaries are clearly visible in TEM images as well as EBSD map and can be
confirmed with HRTEM images. There is a significant increase in average grain size observed after
passivation treatment that may be observed in grain size analysis performed using EBSD.

6.3 ELECTRICAL CHARACTERIZATION OF BASELINECDTE FILMS

Table 2.
Electrical Performance of Baseline Devices.

VOC 0, [

(mv) Jsc (MA/en?)  FF (%) 0]
Baseline CdTe, No Passivation 531 8.5 34.3 15

790 20.6 72.2 11.8

Baseline CdTe, Baseline Passivati
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FIGURE 6.12 Current density v/s Voltage plot showing effect of Gd@issivation treatment on electrical
performance of CSS CdTe thin film devices

Table 1 shows the electrical measurements of the baseline CdTe cells with and without CdCl,

passivation treatment. There is a drastic improvement in cell device performance after baseline CdCl,

treatment is performed as compared to cells fabricated from as deposited CdTe films without any

passivation treatment. There is a notable improvement in open circuit voltage, short circuit current and fill

factor. All combined improve the efficiency of the device by almost an order of magnitude. Relating this

to the observations made with materials characterization, it can be said that presence of stacking faults

and smaller grain in CdTe film have a detrimental effect on the device performance. Removing these

stacking faults and improving grain size results in considerable improvement in performance of devices

made from such films.
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CHAPTER 7CHARACTERIZATION OF EFFECTS OF TEMPERATURE ON CDTE FILMS
AND DEVICES

7.1VARYING CDTE AND CDS DEPOSITION TEMPERATIRE
7.1.1 HIGHER TEMPERATURE CDTE AND CDS DEPOSITION To understand the effect of substrate
temperature during deposition on device performance and structure, cells was fabricated with CdS

deposited at 505°C instead of 440°C and CdTe deposited at 510°C instead of 445°C which were 65°C

higher than the baseline substrate temperature.
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FIGURE 7.1 Current density vs. voltage plot(A), electroluminescence image of device made with |
CdTe deposited at higher temperature (B) and baseline device (C)[20].

Electrical characterization of the devices deposited at 65°C higher subtrate temperature during CdTe
and CdS deposition showed a decrease in open circuit voltage (Voc) and short circuit current (Jsc) as well
as efficiency when compared to samples deposited at standard conditions. Fill factor was similar to

standard devices was measured on these devices. A summary of electrical measurements can be seen in
Table 3.
Table 3

Electrical Performance of Devices with CdTe and CdS Deposited % 100
Higher Substrate Temperature

Voc (MV) [Jsc (MA/enf)| FF (%) | %I]
Baseline reference device 790 20.6 72.2 11.8
High temp CdTe and CdS 763 20.5 72.7 | 11.3
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7.1.2. HIGHER TEMPERATURE CDS AND BASELINE CDTE DEPOSITION In earlier experiments it was
observed that devices with higher substrate temperature for CdS and CdTe deposition gave slightly worse
performance than all standard conditions. In an attempt to isolated the cause of the change, films were
therefore deposited at 505°C substrate temperature for CdS and while the CdTe was deposited under
baseline deposition conditions. As before the baseline guSkivation treatment was applied to the film

stack.

The cells were analyzed before and after the gg@ksivation treatment. Surface SEM image
showed a good CdTe coverage on the surféigere 7.2C). However, the grains appeared to have a
different texture as compared to films deposited under standard conditions (Figure 5.3). The CdTe
coverage appeared to be very uniform with no pin holes or voids on the surface. Surface SEM images
showed smaller CdTe grains than baseline samples that were not very well defined. Cross section BF-
STEM micrograph of these films showed that there were multiple grains stacked on top of one another
creating several grain boundaries between CdTe/CdS interface and the CdTe back surface (figure 7.2D).
Earlier, CdTe layer did not show signs of any stacking faults but there were twin boundaries present when
deposited on CdS at baseline temperature. These grain boundaries may be responsible for impeding
charged carriers resulting in reduced device performance.

To get a better understanding of CdS deposited at 505°C substrate temperature and SEM of CdS layer

without CdTe deposited on it was studied.

FIGURE 7.2 Surface SEM of CdS deposited at baseline substrate temperature (A) and higher
temperature (B) Surface SEM (C) and cross section BF-STEM micrograph (D) of films wi
deposited at 505°C and CdTe at baseline substrate temperature.
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Comparing CdsS film using surface SEM micrograph showed the grains in films deposited at baseline

temperature had smaller grains than in the films deposited at 505°C. Larger grains in the CdS layer might

have allowed more nucleation sites during CdTe deposition which may explain several smaller grains in

the CdTe film grown on CdS deposited at 505°C.

EL images of these devices were also collected (figure 7.3B). These images showed reduced EL
intensity as compared to baseline sample. In addition, there were dead spots that were observed. Further
electrical characterization was carried out. They showed a marginally higher short circuit current as

compared to standard devices. Efficiency was similar to standard devices but there was a substantial drop

in open circuit voltage and fill factor. Summary of electrical characterization based on the current density

vs. voltage plot can be seen in the table Il below:
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FIGURE 7.3 Current density vs. voltage plot (A), electroluminescence image of baseline CdS/CdTe cell
(B) as compared to cell with CdS layer deposited at 505°C substrate temperature and CdTe deposited at

standard substrate temperature (C)[20].

Table 4
Electrical Performance of Devices with CdS Deposited at 505°C Substrate temperature and basel

Deposition Temperature
Voc (MV) Jsc (MA/en?)  FF (%) %I
790 20.6 72.2 11.8

Standard Sample, Standard Passivati
21.6 70.4 11.5

High temp CdTe and CdS, Standard Passiv 756
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7.1.3LOWER TEMPERATURECDTE AND BASELINE CDS DEPOSITION To understand the effect of substrate
temperature on device performance, cells were fabricated with CdTe deposited at 345°C which was 100°C
lower than the baseline substrate temperature during deposition. The cells were analyzed before and after
the CdC} passivation treatment to ensure that they follow the same performance trend as baseline
samples. Films without the passivation treatment showed highly columnar CdTe grains, as well as a high
density of smaller grains nucleating above the CdS layer (figure 7.4C). Also, voids at the CdTe free
surface go deep between CdTe grains which may act as sites for chlorine accumulation when CdCl
passivation was carried out. Performing standard Cta€tment on the same films show grain growth
and reduction in stacking faults. It was also observed that there were CdTe grains stacked one over the
other forming multiple grain boundaries. These grain boundaries could potentially have a negative impact
on performance by impeding charge carriers. Surface SEM showed CdTe films had a morphology
different from baseline films with smaller grains that were more distinct (figure 6.4A.4B) 6
Electroluminescence image of cells deposited at low substrate temperature that underwent a standard
CdCl, passivation treatment show lower intensity and substantial non-uniformity (figure 7.58). Cell
without CdC}, passivation have very low signal intensity under EL test and therefore does not produce an
image projectable on a logarithmic scale. The dark spots observed in the baseline cell were dead spots.

Cell deposited at lower substrate temperature shows some regions that was bright and have darker center

corresponding to poor performance.

22

FIGURE 7.4 Surface SEM (A, B) and cross section BF-STEM (C, D) micrograph showing effect g
passivation on stacking fault and grain structure in CdTe grains in low temperature samples.
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FIGURE 7.5 Current density vs. Voltage for cells with CdTe layer deposited at lower st
temperature (A). Electroluminescence image of standard CdS/CdTe cell (B) as compared to
absorber CdTe deposited at lower substrate temperature (C).

Table 5
Electrical Performance of Low Temperature Devices
Voc (MV) | Jsc (mA/ent) | FF (%) | %]
Standard Sample with Standard Passive 790 20.6 72.2 11.8
Low Temp CdTe, No Passivation 474 12.7 23.1 1.4
Low Temp CdTe, Standard Passivatio 763 19.8 56.2 8.5

7.1.4HIGHER TEMPERATURECDTE AND BASELINE CDS DEPOSITION CdTe films were deposited at 510°C
substrate temperature that was 65°C hotter than baseline on baseline CdS films. Such films had a 10°C
hotter CdCJ passivation since the substrate went in to d@lrce at a higher temperature.

Cross section transmission electron micrographs of CdTe grains deposited at 510°C are shown in
figure 7. Large densities of stacking faults were observed in film that did not undergppad§ivation
treatment. However, standard passivation treatment causes grain growth in CdTe absorber layer, reduces

stacking faults and smaller CdTe grains at CdTe/CdS interface seemed to have combined to form larger

grains.
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CdTe films deposited at higher temperature on baseline CdS also showed larger grains before CdCl
passivation treatment. Unlike lower deposition temperature samples, these films had comparatively larger

grains and did not show signs of voids at the grain boundary.

oA :
T CiRen TenNT

FIGURE 7.6 Cross section BF-STEM micrograph showing effect of higher deposition tempere
CdTe grains without Cdgpassivation (A) and with Cdgpassivation (B).
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FIGURE 7.7 Current density vs. Voltage for cells with films deposited at 510°C substrate tem

with CdCL passivation treatment compared to a baseline sample (A). Electroluminescence |
standard CdS/CdTe cell (B) as compared to cell made from film deposition at 510°C (C)

CdCl, treatment of the films substantially improved cell performance when compared to films
without any CdG] treatment as is observed in all other cases. Cells prepared from films that had CdTe
deposited at 510°C substrate temperature had fill factor similar to baseline device while a substantial
increase in open circuit voltage and short circuit current were observed. As a result it also showed

improvement in device efficiency. Electroluminescence images of such films show increase in signal
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intensity as well as uniformity (figure 8C). There are no dark spots observed in such devices which

suggest absence of dead spots.

Table 5 below summarizes the above mentioned observations that provide a better understanding of

the cell performance.

Table 6
Electrical Performance of Devices with CdS Deposited at Higher Substrate temperature and Stanc
Deposition Temperature

7.2.0OBSERVATIONSSUMMARY

When CdTe and CdS were deposited at higher substrate temperature as compared to standard
deposition conditions, a drop ing¥ and fill factor was observed. Further analysis of CdS film
microstructure showed larger CdS grains when deposited at higher temperature. When CdS was deposited
at higher substrate temperature and keeping CdTe deposition at baseline conditions, there was an
improvement in gk but drop in \bc and fill factor. Both these devices showed lower efficiencies
compared to baseline devices.

Lower substrate temperature for CdTe deposition had a detrimental effect on device performance
that could be related to film microstructure. Lower substrate temperature during CdTe deposition formed
high concentration of small CdTe grains at the interface of CdTe and CdS that had detrimental effect on
cell performance. This also resulted in high density of longitudinal voids between the CdTe grains that
extended through a large portion of the thickness of the CdTe film.

Films with higher substrate temperature with hotter passivation treatment gave impgvatdV
fill factor. Higher substrate temperature during CdTe deposition formed larger grains that could be related
to better device performance. These cells also exhibited the best uniformity within the scope of this study

as was seen in the electroluminescence image along with highen¥ fill factor.
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Study of varying temperature condition for CdS and CdTe layer showed that higher temperature
CdS formed larger CdS grains and had a detrimental effect on device performance. CdTe deposited at
higher substrate temperature showed positive effect on device performance with improversenta V
and fill factor being observed. Longer passivation treatment of CdTe to films was not attempted since it is
known lower performance of devices possibly due to accumulation of, @i@rain boundaries, voids

and CdTe/CdS interface.
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CHAPTER 8CHARACTERIZATION OF CDTE ON MG.xZNxO WINDOW LAYER

8.1 WHY MG;.xZN4O INSTEAD OFCDS?

It was observed when CdTe was deposited at 65°C higher substrate temperature there was a
substantial improvement in CdTe device performance. In an attempt to further improve the device
performance and to characterize higher performance CdTe films an experiment was planned to deposit
CdTe at 150°C higher temperature i.e. 600°C substrate temperature. The issue encountered during
deposition at such high temperature was that CdS would begin to resublime at such elevated temperatures.
Several attempts were made to alter the process to avoid this resublimation of CdS and make a good
performing CdTe device. However, there was no success and devices continued to be poor due to poor
film quality. In recent months, MgZn,O was identified as a highly competent material for use as a
window layer. Being an oxide deposited using sputter deposition method; it iZM@ is known to be
highly stable at elevated temperatures. Moreover, it comes with an added advantage of greater
transmission since unlike CdS it does not absorb large amount of blue light from visible solar spectrum.

With these extraordinary characteristics, MgnO had to be investigated as a candidate for this

30
25 —— High temp CdTe on MZO
204 —— Baseline CdTe on MZO
—=— Baseline CdTe on CdS
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FIGURE 8.1 Current density vs Voltage for cells with varying parameters on CdS andZiM@
window layer
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application and good device performance was expected with highes Jvell as improvement in fill
factor and V¢ leading to higher device efficiency.
With expectation for better device performance, 2.4 um thick CdTe films were deposited on 40 nm

thick Mg, »Zn,O layer at 600°C substrate temperature.

8.2 PRELIMINARY MATERIALS CHARACTERIZATION OFCDTE ONMG;.xZN,O
Use of higher temperature deposition of CdTeMm .ZnO showed very promising results. To get
an understanding of the effect of high temperature substrate on CdTe film deposited.d@n,Mgthree
films were sectioned using FIB to be imaged under TEM and get some EDX chemical mapping
performed. These were baseline CdTe deposition on&igO with no CdCJ passivation, baseline CdTe
deposition on Mg,Zn,O with baseline CdGlpassivation and 150°C hotter CdTe depositions on Mg
«ZnO. Results from these images are discussed in the following sections. These are very preliminary

results and further investigation is being planned.

(i
31 e
Tec 10 Glass Substrate
rfl
20° nm
SnO,:F TCO 100\"

Mg 232N 770

p-type CdTe

Cu+Te

C paint in polymer binder

Ni paint in polymer binder

FIGURE 8.2 Schematic diagram (not to scale) of a baseline CdTe deposited; QAnY window
layer
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8.2.1 BASELINE CDTE DEPOSITION ONMG;4ZN,O WITH NO CDCL, PASSIVATION. As per expectations,

TEM images showed good clear interface betwdegn,Zn,O and CdTe. The coverage Mf;,ZnO on

e v~ r~ . g

FIGURE 8.3 Cross section BF-TEM image of baseline CdTe deposited apZdgd window laye
(left) and higher magnificatioBF-TEM image of CdTe/Mg,Zn,O/TCO interface (right) before Cdy
passivation

TCO was seen to be uniform and conformal to the morphology of the TCO MyeiZn,O grains were

not distinctly visible at this magnification and further work on that is in progress. CdTe grains appeared to
be columnar before Cdgpassivation treatment and had very high density of stacking faults. Some voids
were visible between the CdTe grains and surface of CdTe had some voids that went upto ~100 nm within
the film. To get a better understanding of material distribution EDX spot analysis was performed that can

be seen in figure 8.4.

EDX spot analysis was performed at several points in the CdTeMaagdZn,O layer. Peaks at
various spots showed that there was no diffusion of materials between the layers within measureable

limits.
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FIGURE 8.4 Cross section BF-TEM iage of baselie CdTe deposited anad@ window laye

before CdC passivation treatment [A] and EDS spot analysis color coded to match the fraghe [t
8.2.2BASELINE CDTE DEPOSITION ONMG1-XZNXO WITH BASELINE CDCL, PASSIVATION. After baseline
passivation treatment was carried out on the CdTe films depositdéthoZn,O window layer it was
found that Mg@..ZnO layer continued to be conformal to the TCO surface. The CdTe grains were much
larger than the ones seen with CdS as the window layer. There were maximum of two layers of CdTe
grains from the Mg,Zn,O/CdTe interface to the CdTe surface. EBSD measurements will be performed
on these films to find precisely how much larger these grains are on an average as compared to the grains
seenin films deposited on CdS window layer. To add to the understanding, EDX spot analysis was

performed within the CdTe and Mgn,O films near their interface to find signs of material diffusion.
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FIGURE 8.6 Cross section BF-TEM image of baseline CdTe deposited gr2d@ window layer (left
and higher magnification BF-TEM image of CdTe/MgnO/TCO interface (right) after Cdg
passivation

FIGURE 8.5 Cross section BF-TEM image of baseline CdTe deposited on Mgl-xZnxO window lay
CdCh, passivation treatment [A] and EDX spot analysis color coded to match the plot fredje [B-
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EDX analysis showed some diffusion of Cd and Te intoMug..ZnO layer but this might be an
error. The BF-TEM image shows signs of drifting of the image right in the region where the spots for
analysis were selected. Another iteration of EDX analysis of similar spots will be performed to make

more clear observations.

8.2.3HIGH TEMPERATURECDTE DEPOSITION ONMG1-XZNXO WITH CDCL2 PASSIVATION. The goal of

using Mg;.Zn,O as a window layer was to make sure that the window layer does not resublime on
exposure to high temperature. The J-V plot showed that the performance of these cells was good and that
implied that the Mg,Zn,O layer had survived exposure to such high temperature. But it was important to
study this from materials perspective. TEM imaging was performed for these films and material
distribution was studied using EDX spot analysis as well as chemical maps. With TEM images very large
CdTe grains were identified. At some sites there were single large grains that went from the
Mg:1xZnO/CdTe interface upto the CdTe surface. These grains were at least 2.4 um tall. On other
locations there were maximum of two grains stacked on one another. The densities of line defects were
also identified to be low. Figure 7.7 shows one such region of a CdTe film deposited at 600°C substrate

temperature.

- oy — . -

FIGURE 8.7 Cross section BF-TEM image of high temperature CdTe deposited oZiQ window
layer (left) and higher magnification BF-TEM image of CdTe{\NENO/TCO interface (right) aft
CdCh, passivation
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EDX spot analysis once again provided good understanding of the film behavior. There were two
spots identified very close to thMg;.,.Zn,O/CdTe interface, one in CdTe layer and another within the

Mg:ZnO layer. Analysis revealed that the spot within the, M@,O layer did not have any Cd or Te

contamination from the CdTe bulk.

FIGURE 8.8 Cross section BF-TEM image of baseline CdTe deposited ep2d@® window layer afte
CdCl, passivation treatment [A] and EDX spot analysis color coded to match the plot frabje [B-

The spot right at the interface showed some CdTe and mostly Mg, Zn and O. More spots must be
looked at to get a better understanding. In addition to these spot analyses using EDX, we also collected an
EDX chemical map to visualize the material distribution within the film. This chemical map can be seen

in figure 8.9.

250nm

FIGURE 8.9 BF-SEM image and EDX chemicanl map of CdTe films with ~100 nm MgZnO buffer
after CdC} passivation treatment
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EDX chemical map shows very distinct layers of TG, .ZnO and CdTe. It also clearly shows ClI
decorating the grain boundaries of CdTe grains. In case of CdS, it is very common to find sulfur diffusion
in to the CdTe layer. The possibility of Mg or Zn diffusion into the CdTe film from_g,O was being
considered initially. But there is no such diffusion observed within the detection limits of EDX system.

Though further investigation is necessary, all current results point afZ2M@ absorber and CdTe
film deposited at higher substrate temperature to be very promising combination of material for CdTe
based thin film photovoltaics. Materials study shows good interfaces and distinct layers as well as no
interlayer diffusion of material. Increase innd/of these films suggests an increase in recombination
lifetime of the absorber material which may be important for higher efficiency of CdTe wittGge

ER layer as well.

67



CHAPTER 9FABRICATION AND CHARACTERIZATION OF HIGH EFFICIENCY CDTE
DEVICES

9.1.DEVICE STRUCTURE

CdS has been traditionally used with CdTe as an n-type window layer. However, sublimated CdS
window layer restricts deposition of CdTe at higher temperature due to resublimation of CdS during
reheating of substrate and deposition of CdTe. Additionally, CdS is a strong absorber of light above its
band-gap of 2.4 eV and thus the light absorbed within this layer cannot reach the CdTe absorber
layer[25]. As a result, photogenerated carriers from CdS are not collected and the light absorbed in this
layer is wasted. Use of high-resistance transparent (HRT) layer has been studied to enable use of thinner
CdS layers to improve absorption within these wavelengths of light. Kegtrelshowed that MgZn; O
maybe used for polycrystalline CdTe without an n-type CdS window layer to achieve higher short circuit
current density as well as open circuit voltage leading to efficiency greater than 15.5%[25]. J4rs. Mg
«O being more stable at elevated temperatures is used in this study to enable deposition of CdTe films at

substrate temperatures over 610°C without issues related to resublimation of CdS during CdTe deposition.

200 P
Ta,0,/Si0, based 4-Layer AR Coating
3’mm
Tec 10 Glass Substrate
400 o
Sn0,:F TCO 0 o

Mg 23ZNng 770

p-type CdTe

Cu +Te
C paint in polymer binder

Ni paint in polymer binder
FIGURE 9.1 Device structure. Layer structure of thegWigdny ,70/CdTe/Cu+Te photovoltaic device w
carbon and nickel back electrode (not to scale)
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In this study, film structure shown in figure 1 was fabricated and characterized after investigating
several structures and film stacks. The reported device had films deposited on commercial low-iron soda-
lime glass substrate 3.2 mm thick with ~400 nm of TCO i.e. fluorine doped tin oxide:EpGated on
the glass by the manufacturer. A 4-layen,Q#SiO, based anti-reflection (AR) coating with a total
approximate thickness of 200 nm was deposited on the front of the glass that did not have coating of
TCO. Alloying ZnO and MgO to create desired composition wag Mg, 0 was performed using
radio-frequency (RF) sputter deposition and a 100 nm film was deposited eifr SIED[25]. Thereafter
~3.0 um CdTe film is deposited using sublimation followed by g¢@@tsivation treatment and CdCl
activation process. After rinsing the residual Gdidin, CuCl is used to deposit a very thin film of Go
CdTe surface using sublimation process and 20 nm Te film deposited at room temperature using physical
vapor deposition (PVD) to from the back contact. Following the Te deposition, carbon paint with an
approximate thickness of 100 um and nickel pain with an approximate thickness of 200 um are sprayed
as subsequent layers to form back electrode. Further details regarding film deposition method and device

fabrication can be found in methods section.

9.2ELECTRICAL CHARACTERIZATION

After fabrication of sublimated CdTe thin-film devices in a superstrate configuration, electrical
performance of these devices was measured using a J-V measurement tool. Tablel shows performance of
the best performing devices within the scope of this study. The average of measured fill factor for these
devices was 79.54% while the averages of short-circuit currents was observed to be 26.98 mA/cm
Kephartet al reported TCO/ Mg,3Zhy770/CdTe devices that had ayof ~850 mV, fill factor of ~67%
and 3¢ of 25 mA/cnf. The highest ¥c observed within this study was measured to be 863 mV and the
increase from previous study is attributed to CdTe deposited at higher substrate temperature (610°C) that
results in larger CdTe grains and fewer grain boundaries. Te back contact is proved to have a major
impact on improving the fill factor of CdTe thin-film devices as reported by WeeX&46]. Presence
of a 20 nm Te along with Cu at the back surface appears to form an ohmic contact that has substantially

reduction in recombination current that results in improvement of fill-factor for these devices[46], [47]
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Improvement in short-circuit current is understood to be result of higher absorption due to presence of
anti-reflective coating that is explained in next section. J-V plot in figure 2(a) shows excellent fill-factor.
Higher absorption can be confirmed from the external quantum efficiency plot shown in figure 2b.
External quantum efficiency also shows greater absorption at wavelengths lower than 400 nm suggesting
higher charge collection in the absorber with use of Mfn,,O and anti-reflection coating. Highest
efficiency for devices without antireflection coatings was measured to be 17.9% (Supplementary image1l).

Table 7
Summary of best performing CdTe photovoltaic devices

Voc(MV) | Jc(mAlcnt) | FF (%) | Efficiency (%) | Cell Area

(cn)
1 858 27.1 80.5 18.71 0.661
2 858 26.9 80.5 18.61 0.667
3 858 27.0 80.2 18.59 0.665
4 856 27.0 80.1 18.55 0.669
5A 856 27.1 79.7 18.46 0.665
5B 863 26.8 79.2 18.30 0.573
6 857 27.0 76.6 18.40 0.666

*Sample 5B is certified performance for sample 5A by ILX Lightwave, Newport, CA.
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FIGURE 9.2 ILX Lightwave certified results. (a) J-V curve (b) and External quantum efficien
device structure under investigation

9.3ANTI-REFLECTIONCOATING
The calculated ideal antireflection coating has increased reflection for photon energies below the
bandgap and for high photon energies where the photon flux is low. In the intermediate range there is a
strong reduction in front-surface reflection. To compare the modeled anti-reflection coating with the
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effect in the actual device, reflection was measured on the highest-efficiency device and a comparable
device made without anti-reflection coating. The actual difference in reflection agrees well with the
modeled difference (shown in figur@)4with a slight shift to longer wavelengths and interference fringes
from the transparent conductive and window layers. The estimated loss in short-circuit current density

due to reflection for the AM1.5 global spectrum is 2.7 mA/evithout the coating and 1.6 mA/émwith

the coating.
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FIGURE 9.3 Characterization of antireflection coating (a) comparison of modeled anti-reflection co
actual results (b) and quantum efficiency to estimate loss in short-circuit current density due to refle

9.4MICROSCOPICCHARACTERIZATION

Microscopic materials characterization was performed using Transmission Electron Microscope
(TEM) and material distribution within the film stack mapped using Energy Dispersive X-ray
Spectroscope (EDS). These films deposited at higher substrate temperature (~610°C) exhibit large CdTe
grain size when compared to films deposited at relatively lower substrate temperature[20], [43]. CdTe
layer deposited here had an approximate thickness of 3 um and CdTe grains appear to grow from
Mgo2aZNo 770 front interface to the back surface as a continuous grain with no horizontal grain
boundaries. A representative TEM micrograph is shown in fi@ireThe interface between CdTe and

Mgo.2ZNo 770 appears to be continuous and uniform (~100 nm) with a homogenous and conformal
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coverage over the Transparent Conducing Oxide (TCO) layer (figure 5b and 5c¢). CdS is reported to have
a mismatch of 10% with CdTe and is known to have limited intermixing during high temperature
deposition and Cdghctivation process[32]. Since WgZny 770 has a similar crystal structure and lower
lattice constant than CdS, it is understood to have greater mismatch with CdTe[25]. EDS maps of these
high efficiency devices show no signs of magnesium, zinc or oxygen frogp.Ehg--O layer diffusing
into the CdTe layer within the detection limits of the instrument(figure 9.5e). In addition, High Resolution
Transmission Electron Micrograph (HRTEM) shows an abrupt interface betwegnaZég-O and CdTe
that reinforces minimal intermixing and diffusion between these layers(figure 5a and 5d). These films
exhibit high efficiency (<18%) with good open circuit voltage and fill factors in spite of inherent defects
as well as strain relieving at grain boundaries. This suggests that lattice matching in polycrystalline CdTe
may not be of supreme importance. However, improving this interface quality betwgezhgO and
CdTe may provide basis for further improvement gtV

Other studies have shown CI decorating CdTe grain boundaries and CdS/CdTe interface after
CdClL passivation treatment using EDS maps[21].€eltial reported CI rich region of 1~2 nm at
CdTe/CdTe grain boundary using (Electron Energy Loss Spectroscopy) EELS line scan. It was also
reported that grain boundary have enhanced carrier collection after, @d€sivation treatment
suggesting CdGlplaying more critical role than just promoting recrystallization[37]. It is also reported by
Abbaset a[33] that extensive accumulation of Cl at interfaces and grain boundary have a detrimental
effect on CdTe device performance. Comparatively much lower Cl is detected using EDS in CdTe films
deposited at high temperature onddgn, ;7O buffer. Good device performance with such minimal Cl at
grain boundary suggests that Cl required for enhanced carrier collection at grain boundaries is minimal.
This also suggests that CdTe deposited o Mamo /O is more tolerant to Cdgtreatment and would

allow more aggressive CdQfleatment.
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FIGURE 9.5 Microscopic analysis (a)TEM image TCO/Mg0.23Zn0.770/CdTe/Te film stack (t
magnification TEM image of TCO/ Mg0.23Zn0.770 and Mg0.23Zn0.770/CdTe interface sl
conformal coverage of Mg0.23Zn0.770 (c) HRTEM image of CdTe grain boundary show
apparent signs fo line or bulk defects (d) HRTEM image of Mg0.23Zn0.770/CdTe in
showing abrupt interface with minimal intermixing € EDS elemental map of
TCO/Mg0.23Zn0.770/Te film stack showing no diffusion of materials within EDS detection li
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FIGURE 9.4 XRD analysis of film orientation. XRD Peak intensities showing increased {111} oriel
and less randomization of CdTe films sublimated at higher temperature @Zhg-O buffer befor
and after CdGlpassivation treatment.
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9.5X-RAY DIFFRACTION
The measured peaks were fitted using a Pearson VIl function in a R programming script
(reference) and compared with JCPDS card #00-015-0770 for Cadmium Telluride.
At higher 2theta angles, peaks frong, Ere observed as a doublet peak. So for lattice parameter
calculation, 2theta values from the first three high intensity peaks were taken into consideration and
compared to the standard (Table 1). In all the cases, the change in the lattice parameter with respect to the

standard value is insignificant suggesting no thermal stresses generated after the deposition and the CdClI

treatment.
Table 8
2theta values from the first three high intensity peaks were taken into consideration and compared to the
standard
20 Lattice Parameter (A) % change wrt
standard value

Baseline (No CdC))
23.73 6.487 0.09%
39.25 6.485 0.13%
46.40 6.484 0.05%

Baseline (CdC})
23.76 6.480 -0.02%
39.27 6.482 0.09%
46.40 6.484 0.06%

HT (No CdCl,)
23.74 6.484 0.04%
39.26 6.484 0.11%
46.40 6.483 0.05%

HT (CdCl))
23.75 6.482 0.02%
39.27 6.482 0.09%
46.45 6.478 -0.04%

There is an increase in the peak intensities in the samples treated with cadmium chloride (figure
9.5). This indicates that the crystalline quality of the material has increased. To evaluate preferred
orientation Pyg) of a particular plane in the films, the intensities from the individual and the standard

peaks were substituted in the texture coefficient formula.
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Wherelyy is the measured intensjtl ny is the intensity corresponding to the particular plane in
the JCPDS card amdare the number of the peaks considered. The calculated texture coefficients were
plotted. As-deposited CdTe (baseline or HT) has a larger texture coefficient which indicates that a strong
preferred orientation along {111} plane. After the Cgd@éatment in the baseline films, the texture
coefficient along {111} drops significantly closer to unity. There is an increase in the texture coefficient
along {511} plane indicating that the preferred orientation has changed. In the films processed at high
temperature, the texture coefficient is still larger than unity after the,@@é@tment, which suggests that
the preferred orientation has not changed significantly.

The full width half maximum (FWHM) of the diffracted peaks gives information about the
crystalline quality of the films. For the analysis, the FWHM was measured at the diffracted peaks of the
films treated and not treated with CdCFrom the graph, it can be observed that the after £dCl
treatment, there is a decrease in the peak width which suggest that the crystalline quality of the CdTe has
increased. No strong correlation was observed between the @eliied samples which were fabricated
at high temperature and baseline process conditions.

In addition, from microscopic analysis of CdTe films deposited at higher temperature and
electrical characterization it is evident that larger grain size with no horizontal grain boundaries give
higher efficiency photovoltaic devices. This can be observed in the figure below. As the grains grow

larger, corresponding efficiency is observed to be increasing as well.
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FIGURE 9.6 Comparison of grain size with increasing efficiency. It is evident that higher efficiency
corresponds to larger CdTe grain size.
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CHAPTER 100THER PROJECTS AND CONTRIBUTIONS

10.1CHARACTERIZATION OF CD1 x\MG,TE ELECTRON REFLECTORFILM
10.1.1. ELECTRONREFLECTORCONCEPT CdTe material readily forms inter-granular defects that may act
as electron sinks. With CdgCpassivation treatment defects may be reduced but not completely. To
improve the efficiency of CdTe based photovoltaic devices, alternative means of increasing voltage and
current must be investigated. One such means is the use of an electron reflector (ER) layer at the back of
CdTe film. The idea is to introduce an electron reflector layer to increase the voltage by reduction of
recombination near the back which acts as a conduction band barrier. Such an arrangement is expected to
improve the voltage of the device by ~200 mV which would have a major impact on overall conversion
efficiency of CdTe photovoltaic device. Cadmium magnesium telluride with a bang gap of ~1.9 eV is
considered to be a good candidate for this purpose[48]. It is desirable to use a material that ER layer
growth be epitaxial over CdTe since discontinuity between these layers would possibly reduce the device
performance. In addition, cadmium telluride and cadmium magnesium telluride both have a cubic
structure with similar lattice parameters which is highly desirable.

Conduction band barrier
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O_ .4
e — Metal back
fv/ Vv contact
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FIGURE 10.1 The band diagram of a CdTe cell with an electron- reflector layer at the back si

77



10.1.2. OVERVIEW OF CD1-XMGXTE GROWTH ONCDTE FILMS AND EARLY CHARACTERIZATION. Cdj.

«Mg,Te films were grown by close-space sublimation using the co-sublimation deposition source
described in appendix 1. Only a very thin film (<100 nm) should be enough to perform as an electron
reflector but for characterization purpose a thicker film was grown (700 nm - 900 nm). With early TEM
images, there were some indications of epitaxial growth @f/@g,Te film on CdTe as grain boundaries
continued through the CdTe film into C#Mg,Te and so did stacking faults planes which can be seen in

figure 10.2.

CdS Window Layer (120 nm)

CdTe (~1 pm for devices
2.2 pm for characterization)

Cd, Mg Te ER
C Paint in Polymer Binder
CdS - 100nm
20 - 400

E

ean

CdCl; passivation

treatment and Cu doping 1 I_.J 11] GlaSS - 3mm

FIGURE 10.2 Schematic diagram (not to scale) of a typical @), Te film stack (left) BF-TEM imac
distinctly showing various layers of a CdTe film with,Gbllg,Te ER layer (right)

To confirm the layers described earlier an EDX chemical mapping was also performed. This showed
the distinct layers of GdMg,Te, CdTe, CdS and TCO. EDX chemical map is shown in figure 6.3. This
map clearly show who material is distributed within the CdTe film for Cd, Te, S, Mg, Sn and O.gThe M
concentration varies from grain to grain and occasionally within the grain. The spot size here is too large
to indicate any change in Mg concentration at the grain boundaries. The Te concentration seems to remain
constant and reduction in Cd corresponds to increase in Mg concentration. This supports; thiedCd

Mgx concentration in CdMgxTe. Mg signal is seen in Pt layer but that is only background noise.
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Heavier the element more will be the background it will produce. Tia xmission energy’s do not
overlap for these elements. Slightly higher concentration of oxygen is observedMdOe layer as
compared to the CdTe layer. More detailed study of oxygen inMBgTe is presented later in this

chapter.

Dark Field TEMgiffia

FIGURE 10.3 DF-TEM image distinctly showing various layers of a CdTe film with, (Bdg,Te EF
layer and EDX chemical maps for Cd, Mg, O, Te, S and Sn defining material distribution wi
film .

2- CdTe Layer
1- CMT Layer

FIGURE 10.4 Electron diffraction pattern collected within theQdg,Te ER layer and CdTe lay
showing similar grain orientation

To confirm epitaxial growth of GdMg,Te on CdTe electron diffraction pattern was collected. Two
diffraction patters were collected, one on a CdTe grain and other on CMT grain right about it. These

patters showed very similar orientation between the two grains (figure 10.4).
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These images and EDX maps as well as electron diffraction patters gave a good understanding of the
basic characteristics of th&d; ,MgxTe grown on CdTe. But to understand the film behavior under device
conditions it was important to characterize these films in the configuration that would be used to make
devices. The 2.2 um CdTe films did not show any effect of,.KdsTe as an ER. Further
experimentation showed its effects were visible in 1 um thin CdTe absorber films with ~100 nm of
Cdi.«Mg,Te deposited on them. All the other characterization shown in the remaining part of this chapter
was carried out on such films. Figure 10.5 shows higher resolution EDX map of one such film which

allowed better understanding of materials distribution and interactions within the film.

Magnesium Oxygen Cadmium Chlorine

X
250nm

FIGURE 10.5 BF-TEM image and EDX chemical map of CdTe films with ~100 nm.®u),Te ER laye
before Cdd passivation treatment

M 500nm M 500nm M 500nm

FIGURE 10.6 BF-TEM image and EDX chemical map of CdTe films with ~100 nm.®d),Te EF
layer after CdGlpassivation treatment
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The grain boundaries of the two films were aligned. Cross-section TEM andi€Epiésented in
Figure 10.5 of an un-passivated CdS/CdTe{Mg,Te stack. The magnesium film appeared to be
continuous along the back of the CdTe cell, conforming to the shape of the CdTe morphology and
maintaining epitaxial growth. Themaas little to no sulfur diffusion from the CdS, and no chlorine

signature.

When devices were fabricated from these films performance improved. Materials characterization
showed that chlorine decoratte grain boundaries. There was no apparent presence of stacking faults,
and there was minimal sulfur diffusion. However, @& ,Mg,Te film no longer looked continuous, and
it appeaedthat during the passivation step thd, ,MgxTe film degraded by substantial magnesium loss.

If any oxygen or water is present, the Gibbs free energy is favorable for MgTe to react and reduce to
MgOI[48]. There was a strong oxygen and chlorine signature aCthgVig,Te layer, suggesting that

some of the magnesium may have reacted and formed an oxide or chloride. In addition, it was also
observed that Mg and ClI rich area corresponded to each other at the CdS interfacd.OFiglrews the
response from the XPS KLL magnesium peak as a function of depth into the film. The MgTe has a peak
that corresponds to ~303 eV and MgO has a peak that corresponds to ~306 eV. After passivation the MgO
signature at 306 eV is apparent on the surface, and as we sputter into the device, the peak shifts towards a

MgTe signature at 303 eV. This suggests that the back of the cell has reacted from MgTe to MgO.
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Binding Energy (eV)
FIGURE 10.7 XPS depth profile stack of magnesium KLL peak as a function of sputter time fron
bottom
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10.1.3 CDTE CAPPING LAYER ONCD; MG, TE FILMS. In an attempt to minimize the formation of MgO, a
thin CdTe capping layer was deposited on top ofGdeMg,Te layer to limit exposer of the film to
atmosphere with the intention of reducing oxidation and magnesium loss. Several CdTe capping layer
thicknesses were sublimated and 100 nm thickness was found to give better device performance as can be
seen from figure 6.8. This CdTe layer was deposited immediately aft€dih#g,Te deposition and
was controlled by shuttering off the magnesium vapor flux in situ. Figure 6.8 shows that with the
addition of the CdTe capping layer there is an improvement in cell performance, primarily an
improvement in FF. Since MgO has a large band gap (~6.72 eV) and an electron affinity of 2.8 eV, this
would induce a large valance band offset at the back of the device and likely cause this reduction in
FH48]-[50].

Figure 10.10 shows cross section TEM and EDX of the passivated CdSC#j]®lIg,Te /CdTe cap
stack. The addition of a 100nm CdTe Cap has removed the previously seen oxygen signature at the back
of the cell, indicating that the cap has helped prevent MgO formation. However, significant localized

magnesium loss appears at the grain boundaries.
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FIGURE 10.8 Box plots showing effect of varying CdTe capping layer thickness on device performance
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CdS Window Layer (120 nm)

CdTe (~1 pm for devices
2.2 pm for characterization)

Cd, Mg Te ER

100 nm CdTe Cap

C Paint in Polymer Binder

CdCl; passivation
treatment and Cu doping

FIGURE 10.9 Schematic diagram (not to scale) of a typical Cd1-xMgxTe film stack with 100 nm CdT:

MgCl, has been shown to be as effective as €dCpassivating CdTe cell®]]. The Gibbs free
energy calculation suggests MgTe reaction with Gé&form CdTe + MgClis favorable. However, if
the cells were passivated with MgQhstead of CdG| the localized magnesium loss at the grain

Magnesium Oxygen Cadmium Chlorine

- &

| T
500nm

FIGURE 10.10 Cross section TEM and EDX maps of CdS/CdTe/Cd1-xMgxTe with 100 nm cappinc

boundaries may be reducek®].

Figure 6.11 shows the cross section TEM and EDX of a CdS/CdigVig,Te /CdTe Cap cell
passivated with MgGlinstead of CdGl The cell performance did not improve, and the localized
magnesium loss was stileenand similar & what was observed with CdCpassivation. This may

suggest that the loss mechanism is not a reaction with,®@d€With chlorine, since if chlorine is moving
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down the grain boundaries and not Cd@ie loss mechanism would likely not be the same betwee

CdCL and MgC}.

Magnesium Oxygen Sulfur Cadmium Chlorine

| —
100nm

FIGURE 10.11 Cross section TEM and EDX maps of CdS/CdTe/Cd1-xMgxTe at the CdS/CdTe interface
in films with 200nm capping layer after Mg{lassivation

Figure 10.11 shows a magnified view of the CdS/CdTe interface of a CdS/Cdfe/
«Mg, Te/CdTe cap stack passivated with Cd@l shows magnesium diffused down the grain boundaries
and being collected at the CdS/TCO as well as CdS/CdTe interfaces. With no substantial oxygen or
chlorine concentration to correlate with the magnesium, strong bonding between magnesium with either
of them is not clear. It is possible that this is the magnesium that was lost from the CMT film during
passivation and has traveled down the grain boundaries and collected at the front interfaces.

EDX line scan showed that the Gtg,Te layer had a good distinct interface and there were no
prominent signs of intermixing of Mg with either the CdTe absorber or the capping layer large enough to

be detected by the EDX system. This line scan can be seen in figure 10.12.

FIGURE 10.12 Cross section TEM and EDX line scan of CdTe/@dg,Te/CdTe cap interfac
scanned for material distribution study
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10.2CHARACTERIZATION OF CDZNTE FOR APPLICATION IN MULTFJUNCTION PHOTOVOLTALS
10.2.2INTRODUCTION. To utilize the photons from sun’s spectrum efficiently, minimize thermalization
losses, and increase efficiency, a multijunction solar cell is a promising alternative to a single junction
solar cell. Numerical simulations based on the daily energy densities indicate that the optimum band gap
for the top cell absorber should be around ~1.72 eV in a two junction solar cell [51]. CdZnTe alloy has
the zinc blende structure which is the same as that of CdTEE2nd is a potential candidate for the
top cell absorber in a multi-junction solar cell. Based on the zinc composition, the band gap of the alloy

can be varied from 1.48 eV to 2.8§[54]. Using interpolation, a band gap of 1.72 eV can be obtained by

using 40% zinc telluride composition in the CdZnTe alloy[55]

Deposition methods such as Metal Organic Chemical Vapor Deposition (MOCVIHE5Yapor
Transport[57], Close Space Sublimation(CSS)[58] and co-sputtering of CdTe and ZnTe[59] have been
used to deposit CdZnTe thin films with different compositions by various research groups. The loss of
zinc during the CdGlactivation treatment from the deposited CdZnTe films has been extensively
reported[54]56][58]. However, the devices fabricated after Gd@katment, exhibited low photo
generated current and very low fill factor. This leads to a low device performance irrespective of the
deposition method used. If the CdQteatment is carried out at higher temperatures (in excess of
400°C)[57][60], an improvement in the device performance is observed. The improvement is associated
with almost complete loss of zinc which reduces the band gap of the CdZnTe material to that of the lower
band gap CdTe material. However, this improvement is disadvantageous since a higher band gap material
is required for the fabrication of the top cell.

The cadmium chloride activation treatment of CdTe films is a critical step in improving the device
performance of CdTe absorber based solar cells. The,@d&iment of thin film CdTe has been broadly
studied and frequently reported in the literature[61], [34], [62], [63], [44], [64]. During the,CdCl
treatment, chlorine is introduced into the CdTe using various techniques such as a vapor treatment[33] or

by the application of Cdgkolution and then annealing at approximately®@p®4]. The improvement in
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the device performance is caused by the presence of chlorine along the grain boundaries of CdTe[61],
[34] and is attributed to recrystallization[62], [63], [44], grain growth, removal of stacking faults[33] and
doping of grain boundaries n-type within the p-type CdTe absorber [61]. For CdZnTe devices, there is a
lack of reports on understanding regarding the incorporation of chlorine in the bulk of the CdZnTe and in
the residual CdTe, microstructural changes in the material, the status of stacking faults and
recrystallization after the Cdgltreatment. In this work, the CdCtreatment was performed on
Cdy.eZno4Te films deposited by RF sputtering on CdS. Optical, material, and electrical characterizations
were conducted to understand the changes caused to the CdZnTe film microstructure, the presence and
distribution of chlorine together with the effect on the existence of stacking faults and other

recrystallization processes caused by the gu€htment.

10.2.2EXPERIMENTAL DETAILS. For this study, samples were fabricated and characterized on TEC12D
glass (Nippon Sheet Glass Co., Ltd). This glass has a coating of fluorine doped tin oxide on one side
which serves as the transparent conducting oxide (TCO). The substrates were cleaned ultrasonically for
30 minutes in deionized water before deposition. Plasma cleaning at 400V, 15mA in aatAdSphere
was carried out individually on each sample[65]. After plasma cleaning, without breaking the vacuum,
samples were transferred to a heater station for heating the substrate. The top and bottom heaters were
maintained at 62C and the heating time was 110 seconds. The average temperature of the sample after
heating was measured with a pyrometer and was abof€48admium sulphide (CdS) was deposited
using close space sublimation (CSS) process on the fluorine doped tin oxide side of the sample. The
temperature of the CdS source was“62and the deposited film thickness was 125 nm. The details of
deposition and a description of the vacuum system is provided elsewhere[29]. The samples were then
cooled to room temperature and after breaking the vacuum, the cadmium zinc telluride (CdZnTe) sputter-
deposition was carried out in a separate chamber.

Prior to the RF sputter-deposition, the chamber was pumped down to a base pressufoaf. T®

minimize residual oxygen, the chamber was purged several times with Ar gas. The samples coated with
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CdS were baked for 15 minutes once the heaters reached the process temperature. The CdZnTe films
were deposited using a single target with a composition of CdTe (60 wt%) and ZnTe (40 wt%) fabricated

by Plasmaterials Inc. The CdZnTe target was plasma cleaned for 3 minutes with the shutter closed to
prevent deposition. The deposition details of the RF sputtering process for CdZnTe are provided in table

1. The RF power applied to the target was 4.W/n°. The substrate was heated to 4DGnd the

distance between the target and the substrate was 4 inches. The process gas used was argon and the
pressure was maintained at 10 mTorr. The thickness of the CdZnTe film measured at the center of the

substrate using profliometer was ~ 1 micron.

The cadmium chloride (Cdg)l treatment was carried in a horizontal CSS system (Figure 1).
Approximately 10 g of CdGImaterial (99.99% pure) was placed in the graphite boat. For the treatment,
each sample was placed over the graphite boat and heated using infra-red (IR) lamps. A thermocouple
attached to the graphite boat and the top plate recorded the process temperatures. The process gas used
was Ar and the process pressure was ~10Torr. Two samples were treated at different temperdtires (380
and 4006C) for 3 minutes and one sample was retained untreated as a control. Other process conditions for

the treatment of the two samples were maintained the same.

Vacuum Gauge
| IR Lamps | Q
Gas Valve

l X
Top TC

Gate Valve

CdC}, Material Btm TC X

| IR Lamps |

Spacers

FIGURE 10.13 A schematic of horizontal bell jar used for CdCI2 activation treatment
After the CdC}treatment, the samples were cut into two halves. On one half, optical transmission and

material characterization measurements were conducted. For materials characterization, X-ray diffraction
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(XRD), Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) analyses
were performed. On the other half, devices were fabricated after copper doping, and carbon and nickel
paints were applied as a back electrode. Current-voltage (JV) measurements on the devices were carried
out under AM 1.5 conditions using an ABET Technologies solar simulator.

Transmission was measured from 350 to 1000 nm was using Ocean Optics Inc. hardware coupled
with LabVIEW software. The Bruker AXS D8 system was used to conduct X ray diffraction
measurements. The wavelength of Gurediation was 1.54046 A and the diffracted signal was collected
on scintillating counter. Surface images were obtained at 15 KV using a JEOL JSM 6500F scanning
electron microscope. Sample cross sections for transmission electron microscopy (TEM) were prepared
using a focused ion beam (FIB) with a dual beam FEI Nova 600 Nanolab. A JEOL 2000FX transmission

electron microscope was used to obtain the TEM images.

10.2.3TRANSMISSIONELECTRONMICROSCOPY To locate the zinc loss from CdZnTe and to identify
microstructural changes, a cross sectional specimen of CdZnTe treated witraCAIIC was prepared

using the focused ion beam specimen technique using a standard in-situ lift out method. The cross section
was examined using TEM (figure 10.14) and Energy Dispersive X-ray (EDX) elemental mapping was

carried out (figure 10.15) on the same cross section.
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Grains

Grains

Columnar Recrystallized

‘ vL

FIGURE 10.14 TEM image of a cross section of CdS/CdZnTe treated with CdCI2 at 400°C. .
pointing towards the voids observed at the interface between the recrystallized and columnar gr

In the TEM image of the cross section, the effect of ga@h be observed near the surface of
CdznTe films. It appears that the recrystallization starts at the surface and proceeds towards the junction
of the CdS/CdzZnTe. The recrystallization is incomplete. This is different to the process observed in
sputtered CdTe treated with Cd[@4].The morphology of the grains near the surface changed from a
columnar grain shape to an oval shape. The stresses generated during the grain growth may be a factor for
inducing the voids near the grain boundaries of the recrystallized grains[33], [66]. Below the
recrystallized grains, the columnar grains are observed which are the characteristic of sputter-deposited
films are observed. In the columnar grains, the presence of a high density of stacking faults can be

observed in the image.
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FIGURE 10.15 Elemental maps collected from the cross section of the sample treated witraC4a@°C.
Individual elemental maps are labelled with the elemental symbol.

In the EDX elemental maps shown in figure 5, the zinc loss from the surface region is confirmed. The
CdCl, vapors react with zinc in the CdZnTe layer and forms 4B6]. At the treatment temperatures,
ZnCl, has a higher vapor pressure than G@@h CdTe which causes zinc and chlorine to evaporate from
the CdZnTe layer. At the junction of CdS/CdZnTe, zinc diffusion into the CdS can also be observed. This
would probably lead to the formation of £gZnS or ZnS compound in very small concentrations at the
junction. Due to the low concentration, no diffracted peak signal corresponding toth&&8 or ZnS
compound was detected in the XRD measurements. The critical observation was that the chlorine signal
was below the detection limit of EDX in the zinc depleted region, along the grain boundaries of CdZnTe
and at the junction of CdS/CdZnTe. In typical CdTe devices, optimal ;Qd€tment results in the
decoration of grain boundaries with Cd@lat is clearly observed in the TEM. In the zinc depleted region
of the sample, the residual compound is CdTe and there is no strong signal from chlorine. This indicates
that the CdTe which has been formed after the gtt€tment is subsequently recrystallized but there is
absence of chlorine at the grain boundaries. It has been shown that stacking faults are present, if there is

no chlorine present at the grain boundaries. The absence of a discernible chlorine signal along the grain
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boundaries of the CdZnTe and at the junction of CdS/CdZnTe suggests that the material present in these

regions is unchanged from the as-deposited and is highly defective.

10.2.4.SCANNING ELECTRON MICROSCOPY SEM images from the surface of the samples are shown in

figure 10.5.

FIGURE 10.16 SEM images were taken at 15 KV accelerating voltage and 20 KX magnification. a) As-
deposited CdZnTe, b) CdZnTe treated with GAEI380°C and c) CdZnTe treated with Cdatl400°C

The grains are spherically shaped and uniform on the as-deposited CdZnTe sample. Recrystallization,
grain coalescence and enlargement are observed in the @Hiéd samples. In the sample treated with
CdCl at 38GC, spherical shaped grains and newly formed larger grains are observed. At the higher CdCl
treatment temperature, large grains are formed by the fusion of small grains with distinct grain
boundaries. It has been reported that after €ul€htment on CdTe, grains coalesce and grain boundaries

are hard to distinguish under SEM. Such effects were not observed in tha@d@d CdzZnTe.

10.2.5.PHOTOVOLTAIC PERFORMANCE The current voltage measurements were carried out on all the
devices under AM 1.5 illumination. The voltage was swept from -0.8 V to 1.2 V. The performance

parameters obtained are listed in table 9.
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Table 9

Device performance values obtained from Current Densitgltage graph

Open Short
S Jpel circuit .
ample circuit current Fill
Description voltage density Factor
(V) (mA/cn?)
As-
deposited 260 0.75 28
CdznTe
CdCh
treated
CdznTe at 447 1.8 27
380°C
CdCh
treated
cdzZnTe at 524 2.8 30.5
400°C

For a material with a band gap of 1.72 eV, the theoretical open circuit voltage and short circuit
current density should be ~ 1.4V and ~ 20mA/§67]. The open circuit voltage, short circuit current
density and fill factor values of all the three samples are substantially below these theoretical values. This
is probably due to the grain boundaries not being doped with chlorine along with incomplete

recrystallization and the existence of stacking faults which would act as recombination centers.
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10.3FABRICATION OF CDSETE GRADED ABSORBER TO IMPROVE SHORTIRCUIT CURRENT DENSITY

Improvement in short-circuit current density of CdTe based photovoltaic devices is an important step
in improving efficiency of CdTe photovoltaic devices. Impact of incorporation of Se in CdTe devices has
been demonstrated by First Solar Inc. It has been shown that using CdSeTe at the front interface of the
film stack and gradual graded reduction of Se in the absorber would result in substantial improvement in
short-circuit current density and thus efficiency. Initial work on such application of Se incorporation
using advanced co-sublimation hardware at Colorado State University was demonstrated by 8wanson
al. However, the expected improvement in device efficiency was not observed. TEM/EDS images and
elemental mapping showed that Se grading in the absorber was not sufficient and therefore a new
approach as investigated under this study.
Initial electrical characterizations of these films showed promising results with improvement in short-
circuit current density. The measured value gfwas comparable to the highest value demonstrated in
our laboratory of 27mA/ch The Jc for our certified cell was measured at 27.1mAf@nd this device
had a 5 layer anti-reflection coating. Achieving such improvement suggested that the CdSeTe grading
was effective. This was confirmed using quantum efficiency measurements that showed that there was

greater absorption at higher wavelength corresponding to published results on similar study.
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FIGURE 10.17 Schematic of film stack with CdSeTe graded absorber
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FIGURE 10.18 J-V plot show improved performance with CdSeTe graded absorber when de
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Cell fabricated using CdSeTe graded absorber

ILX Lightwave Certified high efficiency cell

0.0 T T T T T
400 500 600 700 800 900

Wawvelength [nm]

FIGURE 10.20 Quantum efficiency measurement showing enhanced absorption at higher wavelength with
CdSeTe graded absorber
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FIGURE 10.19 Quantum efficiency measurement of CdSeTe graded absorber compared tc
published by First Solar Inc. for similar devices. Suggests a similar trend and good incorporatior
the absorber
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10.46N PURECDTE WITH 5N8 PURECDCL,

Semiconductor materials are known to be highly sensitive to impurities. These impurities act as
dopants for the material and have a substantial effect on performance of their application. Although CdTe
is a more forgiving material than other semiconductors such as silicon, it is important to investigate the
effect of purity on CdTe photovoltaic devices. For this purpose 99.9999% pure CdTe was acquired from
5N Plus Inc. and 99.9998% pure Cd®as acquired from Sigma Aldrich. The ARDS sublimation
chamber was rigorously cleaned of all traces of earlier use and sublimation sources other than CdTe and
CdCk such as CuCl were removed from the deposition chamber to avoid contamination of pure CdTe and

CdClL. Atfter this the new pure material was loaded into the system and various films were deposited.

Devices fabricated from films deposited on CdS with higher purity material without Cu back
contact had efficiency of 5.55% which was found to be much lower than the efficiency seen with less
pure material that exhibits an efficiency of ~8.5%. This suggests that presence of trace quantities of
contaminants and/or presence of CuCl in the tool in very small quantities does have a major impact on

CdTe device efficiency.

Further investigation was carried out using MgZnO buffer on Tec10 glass substrate with CdTe
deposited at high temperature with no Cu back contact showed improved device efficiency with Te back
contact. Best performing device from this experiment demonstrated efficiency of 16.55% without any
intentional Cu for back contact or doping. These devices did not show any kink in J-V plot suggesting Te
back contact can remove charge barrier in CdTe devices and Cu is not necessary for fabrication of good
CdTe devices. Figure 10.21 shows J-V plots for films fabricated with high purity material without Cu
back contact and effect of Te back contact on device performance for such films. It is important to note
that these are some of the highest efficiencies reported for polycrystalline CdTe photovoltaic devices

fabricated without Cu back contact.
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FIGURE 10.21 J-V plots for devices fabricated using high purity CdTe and £dithout Cu back contact
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CHAPTER 11CONCLUSIONS

11.1 SUSTAINABILITY OF CDTE PHOTOVOLTAIC TECHNOLOGY AND ENVIRONMENTAL IMPACT The
environmental and cost performance of modern CdTe thin film photovoltaic technology show a
substantial competitive advantage over conventional methods of electricity generation. The material
recyclability with CdTe at competitive cost makes it a unique energy source with greater sustainability.
All these clearly suggest that CdTe photovoltaics can be seen as the energy solution in the long term. In
addition, study shows that there is further scope of improving the efficiency of CdTe based photovoltaics
by improving the fundamental understanding of materials science and evolution of better collection of
photons resulting in improvement of voltage as well as current generation. Some results presented here
suggest CdGlpassivation results in improvement of microstructural qualities such as increase in grain
size and loss of stacking faults. Such fundamental understanding would be necessary for successful
incorporation of electron reflector layers as well as development of high efficiency multijunction thin film
photovoltaic devices. In conclusion, CdTe photovoltaics hold great promise for sustainable electricity

generation.

11.2 EFFECT OF VARYING PROCESS TEMPERATURE ON DEVICE PERFORMANCEOwer substrate
temperature for CdTe deposition has a detrimental effect on device performance that can be related to
film microstructure. Films with higher substrate temperature with hotter passivation treatment gives
improved VOC and fill factor with current and efficiency comparable to standard cells which can also be
related to film microstructure. Longer passivation treatment forms chlorine rich regions which may be
related to lower device performance. Energy Dispersive X-ray Spectroscopy of TEM samples shows
chlorine build up in the voids between the grains at the grain boundaries. Chlorine may be diffusing
through the graitbourdaries to reach the CdTe/CdS interface as can be seen from SIMS depth profile of
the films and the EDS data collected with BF-STEM. This may cause the initiation of passivation

treatment at the CdTe and CdS interface.
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Lower substrate temperature during CdTe deposition form high concentration of small CdTe grains at
the interface of CdTe and CdS that has detrimental effect on cell performance. This also results in high
density of longitudinal voids between the CdTe grains in the absorber layer and that extended through the
thickness of the CdTe film. Higher substrate temperature during CdTe deposition forms larger grains that
can be related to better device performance. Such films in addition to larger grains have grains that are
well defined and do not show a lot of voids between CdTe grains. Relationships between these process
parameters and uniformity of cells can be established using EL images. High substrate temperature cells
with 10°C hotter CdGltreatment temperature exhibits the best uniformity within the scope of this study

along with higher ¥c and fill factor.

11.3 CHARACTERIZATION OF OVER 18% EFFICIENT DEVICES We have provided here a comprehensive
study of sublimated polycrystalline CdTe thin-film photovoltaic film and devices with efficiency
exceeding 18%. There is a clear evidence suggesting polycrystalline CdTe as an excellent photovoltaic
material for utility scale energy production. Modification of fabrication process can lead to high
efficiency without substantial addition to manufacturing cost. Sublimated CdTe PV devices with
efficiency up to 18.7% are reported here with the highest measured fill factor of 80.5%, short circuit
current density of 27.1 mA/cimand open circuit voltage of 863 mV. These improvements have been
achieved through several process modifications.

Eliminating CdS window and using MgZn, -0 enables sublimation of CdTe at temperature higher
than 600°C. Higher substrate temperature at the beginning of CdTe sublimation gives larger CdTe grains.
Films sublimated were about 3 um thick and CdTe grains appeared to grow fresiNgO/CdTe
interface to CdTe back surface. It has been consistently observed that larger grain size corresponds to
higher device efficiency (supplementary image 1). In addition, using thicker CdTe films would suggest
that back surface recombination is reduced since the back surface is located at a larger distance from the
CdTe absorber bulk. Etching the back surface to form a Te rich surface and forming a Cu+Te ohmic

contact has shown improvements in device efficiency in other studies. In the reported study we show that
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tellurium deposited using PVD at room temperature has similar effect as forming Te rich back surface by
etching. PVD allows deposition of Te in a more controlled manner and TEM images show good
conformal coverage of Te on the back surface as shown in supplementary image 2. Reduced
recombination in the bulk as well as reduced back surface recombination seems to manifest in form of
high fill factor suggesting higher device quality. Higher device quality can also be confirmed from the
fact that the A-factor for these devices were measured at 1.4 and hysteresis measurement showed minimal
memory as the plots swept both ways almost shadowed each other (supplementary figure 3).

For epitaxial grown films the interface between absorber and underlying layer must be closely
matched to reduce defects and fabricate good devices. However, CdTe is cubic whignpegD is
hexagonal and HRTEM images show an abrupt interface between CdTe aadiflgO. EDS maps
show no signs of substantial diffusion of Mg or Zn into CdTe absorber layer reinforcing the observation
that there is no noteworthy diffusion between CdTe andyMgo,/O. This suggests that for
polycrystalline CdTe interface between absorber and underlying layer may not be of paramount
importance otherwise it would not form high-quality devices.

Using Mg 23ZNng 770 resistive layer gives an added advantage of eliminating CdS window layer.
Mgo.2ZNo 70 increases the optical band-gap of the layer that gives better ultraviolet transmission. This
reduces losses from absorption of photons in the CdS layer allowing greater generation of photo-current
leading to higher short circuit current. Adding ad@dSiO, anti-reflection layer further reduces reflection
losses that improved short circuit current by allowing greater photo-generation of current.

The GXRD studies confirmed that as-deposited CdTe (baseline or high temperature) has a strong
preferred orientation along {111} plane. After the Cgi@éatment on the high temperature deposited
CdTe, the preferred orientation along {111} plane was maintained. The FWHM comparisons indicated

increase in the crystalline quality of CdTe after the Gd@htment.
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11.4EFFECT OFCDCL, PASSIVATION TREATMENT ONCDTE FILMS AND DEVICES CdCl, is known to be a
crucial process step in fabrication of high efficiency CdTe devices. There are 3 main effects ,0f CdCl
passivation that we understand to cause an improvement in CdTe device efficiency.

e Removal of stacking faults

e Increase in grain size

e Doping grain boundaries n-type

We have shown CIl presence at CdTe grain boundaries using EDS and ToF-SIMSre@dtiin
suggests that presence of Cl ir €ites. We understand that while Cl occupigs3ites it acts as a block
in correcting the stacking sequence of CdTe crystal that results in removal of stacking faults after CdCI
treatment. Further evidence that suggests this action is the fact that removal of Cl using high temperature
anneal under vacuum results in returning of stacking faults and on passivating the film again the stacking
faults are again removed. Presence of Cl at grain boundaries is thus critical for good grain structure in
CdTe films.

Increase in grain size after Cd(assivation is observed in polycrystalline CdTe films. This is
understood to occur due to formation of eutectic liquid phase in CdTe film during @Gd€divation.
Presence of such a phase accelerates the recrystallization process in CdTe film resulting in merger of
smaller grains to form large grains. Fewer nucleation sites during CdTe grain growth also have an impact
on grain size but Cdgpassivation treatment is understood to be of primary importance.

While ClI occupies Y. at CdTe grain boundaries it also dopes the grain boundaries n-type in p-type
absorber material. This gives a clear path for the conduction of holes and electrons through grain bulk and
grain boundary respectively. This has been explained using EBIC and EELS measuremerdsdly Li
This further explains the importance of Cg@assivation treatment in fabrication of high efficiency CdTe

devices.

11.5EFFECT OFCDTE GRAIN SIZE We see in this study that larger grain size correspond to higher device

efficiencies. Smaller grains have larger density of grain boundaries and that would mean presence of grain
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boundaries perpendicular to the direction of hole conduction. We also know that grain boundaries are
doped n-type in CdTe. This would mean horizontal grain boundaries would act as barrier for the

conduction of charges affecting device performance. With larger grains we reduce the density of grain
boundaries and when grains grow from front interface to the back surface of the device, the absence of
grain boundaries perpendicular to the direction of charge conduction allow greater electron and hole
mobility. This means that large grains are necessary for fabrication of high efficiency CdTe devices.

However, the reason for this maybe the lower density of grain boundaries rather than larger grains

themselves.

11.6CDCL, PASSIVATION OFCDZNTE FILMS. The effect of the CdGlkreatment was studied on the stack
comprising of TEC12D/CdS/CdZnTe by varying the treatment temperature. The as-deposited CdZnTe
was a single phase with a preferred orientation along the {111} plane and had a band gap of 1.72 eV.
Surface images showed that the grains were spherically shaped and uniformly distributed over the
surface. After the Cdgtreatment at various temperatures, the absorption edge moved toward the higher
wavelength region which is an indication of zinc loss and resulted in a reduced band gap of the material.
The XRD results confirmed that the CdZnTe film was no longer a single uniform composition alloy after
the treatment as peaks corresponding to CdTe were identifiable. There was more loss of zinc with the
increased treatment temperature. Important insights were obtained from the TEM image and the EDS
elemental maps of the sample treated at 400°C which showed the absence of chlorine along the grain
boundaries of CdZnTe and residual CdTe after zinc loss. Recrystallization and grain growth were
observed at the surface of the CdZnTe and it appeared that grain growth started at the surface and
proceeded toward the junction of the CdS/ CdzZnTe. High densities of stacking faults were present in the
columnar grains below the recrystallized region. The SEM images showed that the grain boundaries were
distinct. The absence of chlorine along the grain boundaries of CdZnTe and residual CdTe, incomplete
recrystallization, and the presence of stacking faults were considered responsible for the poor

performance in the fabricated devices.
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CHAPTER 12FUTURE WORK

After an extensive study of hundreds of CdTe films and devices a better understanding ,of CdCl
passivation treatment has been developed. To further understand the role of Cl in removal of stacking
faults from CdTe grains and recrystallization of CdTe to from large grains greater microscopic
imaging capabilities would be needed. These capabilities include but not limited to aberration
corrected high voltage transmission electron microscope with high resolution multiple detection
aberration corrected EDS system that can image presence of Cl at grain boundaries and establish its
relationship with Cd and Te.

Higher deposition temperature for CdTe resulting in larger grain size and higher efficiency has been
demonstrated. Further reduction in deposition rate and larger grain size must be investigated that may
lead to higher device efficiencies.

Using CdMgTe electron reflector with thinner CdTe films has shown promising results. Microscopic
imaging and elemental mapping has played an important role in improving processing conditions.
This study needs to be further extended to get a complete effect of CdMgTe electron reflector for
CdTe devices that would be able to address the voltage deficit and thus lead to higher device
efficiency.

Better understanding of CdZnTe microstructures has been developed using high resolution electron
microscopy and that has helped in improving passivation process for these films. These studies need
to be continued to aid complete passivation of CdzZnTe films for successful fabrication of top cell for
multi-junction CdTe devices.

Initial results with CdSeTe graded absorber has shown promising results and this composition must
be further refined to achieve higheycJThis may also lead to better electron-hole recombination

lifetime which might be necessary for successful application of CdMgTe electron reflector.
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Developing an understanding of stacking faults and their effect on electrical characteristics of CdTe
thin-film photovoltaics as well as their effect on grain growth and recrystallization needs to be studied
more extensively. Su-Hyun Yoo et al have shown evidence that a reduction in the high density of
stacking faults in the CdTe grains is a key process step that occurs during pad€ilvation
treatment. Computational investigation and density function theory (DFT) modeling have found low-
energy faults are electrically benign and high energy faults act as hole traps. These modeling
observations are consistent with atomic-resolution micrographs. Further study of these faults with
such computational and mathematical modeling to understand the stacking fault energy as well as the
effect of residual stress would require detailed investigation to understand the individual effect of
these parameters. This study has shown that presence of chlorine has a strong relationship with
stacking faults in CdTe film. Using such mathematical modeling it would be also important to
understand bonding of chlorine at the grain boundaries and the relationship of Cl with stacking faults.
This may allow better understanding of role of chlorine in electrical performance of CdTe thin-film

photovoltaics.
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APPENDIX

A.l. FIB TEM sample preparation
FIB lift out procedure

1. Load the sample in the chamber, pump down to operating vacuum.

2. Focus electron image (at 7 mm ‘Z’ distance).

3. Put the cross hair under a known feature, foliuk,and move ‘Z’ to 5 mm.

4. Use5 kV, 1.6 nAelectron beam for Pt deposition using electron beam.

5. Tilt stage to 7° If the cross hair moves too far from the earlier location, go to the third window
and move the hair up or down to bring it back under the known feature. This way we set eucentric
height.

6. Now tilt the stage 52° (T).

7. Insert Pt needle. Make sure Pt needle is warm before you insert.

8. In the F'window (electron screen) make a rectangle 10x2x2 pm and set it to e-deposit surface for
5 minutes.

9. Once done, change electron beam and ion beam shift to O (zero).

10. Move to a nearby area (away from area of interest), unpause the ion l@&m/Aatnd focus it.

11. Use the beam shift in electron beam and bring the cross hair to the same place as the cross hair in
ion beam image.

12. Bring electron beam cross hair to the center location of where the electron beam Pt is deposited.

13. Refresh to ion beam to ensure that ion beam and electron beam are in the same location.

14. Draw a rectangle in the ion beam screen, 12x2x2 undapdsit Pt at 0.5 nA(should take &
minutes)

15. Withdraw the Pt needle.

16. Change ion beam current to 20 nA.
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17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Using ebeam move away from the area of interest and focus with ion image. It won’t get crisp

and clear but fairly visible to cut the trench. Pause the ion image as quickly as possible.

Unpause the electron beam and make sure bother images are aligned.

Draw a rectangle cross section 2-3 um away from the area of interest 15x15x4 um and start

at 20 nA.

When done, rotate the rectangle 180°, place it on the other side and repeat step 19.

Change the ion beaourrent to 7nA. Open focus box on tHeottom 1/3® of the ion imageand

focus. Make sure you are at a safe distance from the area of interest.

Refresh the ion beam screen once at 1000x magnification.

Using cleaning cross section clean the area within the trench. Use a box ~15x12 8T pfn

It should not take longer than a couple of minutes.

Repeat step 23 on the other side after rotating the box 180°.

Tilt the stage to 7 Reduce ion beam current to 3 nA.

Move the area of interest to the side of the screen using electron beam while the Pt layer is still
slightly visible. While you can still see the sample in the ion beam screen foc@snifat

Move back to the area of interest and refresh the screen only once at 10,000x or 8,000x
magnification such that the area of interest is in the middle of the screen.

Draw two rectangles where the U-cut is desired.

Press parallel cut to process the cuts simultaneously.

Make sure the two rectangles overlap and are not too far into the glass layer.

Change time to a couple of minutes and press play. While cutting change the contrast so that the
cut is visible. When it is done stop the cut.

Tilt the stage back to 0° and ‘Z’ to 7 mm. lon current must be 50 pA.

Insert omni probe and Pt needle (sequence does not matter).

Zero botbh tilt shifts (ion beam and electron beam)
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35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Using electron beam focus the cross hair to the corner of the sample where you want to attach the
needle.

Usenegative ‘Z’ axis to move omni probe right above the cross hair.

Use ‘X’ axis to make fine adjustments.

Watching the ‘Z’ distance value slowly bring it from7 mm to 5.6 mm

Realign the cross hair to corner of the sample by double clicking in the electron beam window
and omni probe right over it.

Adjust the ion beam current & pA.

Unpause the ion beam, reduce contrast and use beam shift to shift the edge of the omni probe
needle to cross hair.

Demagnify the ion window such that you can see the lift out area and the needle in the middle of
the screen. Focus as needed.

Move stage up very carefully as the ion beam is unpaused.

When aboub0 um from the sample stop moving the stage up and refresh the electron beam.
Using electron beam make sure the needle is at the sample edge.

Unpause the ion beam and move stage up slowly till abdub pmaway from the sample.

On second tab, change actual to relative and ch@idg&om 0 to -0.001 mm (1 pand press go

to.

Keep refreshing the electron beam and hitting go to till the omni probe needle just touches the
sample. Move final micron or half till its touched.

Draw a small rectangle to cover both sample and the needle (~1x1x1 um)

Change to Pt, go to advance tabange overlap to 50%.Deposit ion beam Pt for about a
minute.

Beam shift ion beam till the same is still attached to the b8k @tA.

Change ion beam tbnA. Refresh such that only the uncut end of the sample is visible.

Cut the remaining area using the rectangle so that the sample is free from the bulk.
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54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Change the coordinates to relative and change ‘Z’ to 0.001 (positive) and press go to once.
During this electron beam must be unpaused and the sample is visible. Repeat few times till the
sample is out of the trench.

Move stage down usind"4creen. When clear retract the omni probe out ysirsitive ‘Z’ half

way.

Remove both needles.

Move to the TEM gridMake sure the ‘Z’ movement is deactivated.

Choose the area on the grid and focus where sample needs to belptdcitd.

Move to 7 mm ‘Z’ distance and insert both needles.

Using negative ‘Z’ put omni probe all the way in the center.

Change ion beam current ¥ pA. Unpause ion beam. Focus cross hair to where you want to
attach the sample using beam shifb@ipA.

Demagnify all the way to minimum magnification and position the sample such that it would slip
into the grid just to the side of the post.

Beam shift to the edge of the sample.

Click on the screen to move the sample to just touch the post on the grid. Up and down using
electron beam and sideways using ion beam.

Deposit Pt to stick sample to the grid for ab®uminutes with 50% overlap

Beam shift in the ion beam where you can see needle and Pt.

Change ion beam current 1onA, make a rectangle and cut the weld. Unpause so that the cut is
visible.

Retract omni probe using ‘Z’ all the way and then remove both needles.

Now the sample is ready for final thinning.
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10.

11.

12.

FIB final thinning procedure:

Plan to perform final thinning and polishing3rb steps

Use a small section away from the post for final thinning to make sure that even if a part is
damaged, there is more specimen left that can be used for imaging.

The first layer maybe milled at relatively high currentodd nA. Mill with this current only on

one side of the specimen (preferably the side facing the operator)

Take the current down tH20 pA and with the stage tilted #3.5°mill approximately50 nm

layer.

Change to stage angle36.5°and mill50 nm from the far side.

Repeat steg and 5 2-3 timedill the sample is approximately00-120 nmthin.

Reduce beam current 7® pA and repeastep 4 and 5 1-2 timesnilling approximately20 nm at

atime.

Be very careful with step 7 since there is largest probability of damaging the sample during this
step. Keep the ion beam screen paused and refresh electron beam every few seconds to make sure
the specimen is not getting damaged and areas of interest are not getting burnt.

Once the specimen with thickness %3-70 nm is ready low voltage beam clean up maybe
performed.

Change stage tilt angle 52°. Reduce ion beam voltage &V and beam current betwe#&rand

2.5 nA. Unpause the ion beam screen (Lower magnification to ensure the entire specimen is
visible on the screen).

The specimen at this point will be barely visible and definitely very difficult to focus. Get the best
focus possible and run the low voltage beam for 2-3 minutes. Keep refreshing electronoscreen t
make sure there is no damage to the area of interest from final clean up.

Step 11 would remove most surface defects that are induced by the earlier aggressive milling

steps.
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A.2. FABRICATION OF CDMGTE FILMS

3.2 Films deposition of CdTe films with Electron Reflector

Higher band gap GdMg,Te is being investigated as a prominent candidate for electron reflector
(ER) layer. Deposition of GdMgxTe thin films has been carried out using physical vapor deposition
(PVD) in the past. But using PVD method for such films gives slow growth rate and poor spatial
uniformity. Therefore close-space sublimation that can deposit CdTe based films with greater rate and
better spatial uniformity had to be developed. Co-sublimation of CdTe and Mg onto a single substrate was
made possible with appropriate hardware. A schematic diagram of such co-sublimation source is shown
in figure 3.3. This design stacks two thermally independent sublimation sources and connects them
through a vapor feed. The vapor feed provides a conduit for flux of the bottom source to reach the
substrate. Valves in the conduit could be used to cut off the feed as needed. Source temperatures control

both vapor fluxes and the overall growth rate.

Nichrome resistive heaters ——» Q Q Q Q Q

Graphite source top plate —

Substrate > [ e e =

Graphite sublimation source

— 1
Lo

Wells to hold sublimation

material

s —— (O 8 OB OB OF O

Conduit for Mg flux

Mg Source >

Mg control valve

Figure 3.3. A schematic diagram of graphite vapor source for sublimating GdMg,Te, CdTe, CdC}L and
CuCl
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This stacked source design will be referred to as “co-sublimation source” and the process as “co-
sublimation” in this manuscript.

This source gives several advantages. The films could be graded by slowly opening or closing the
valves gradually. Slow grading from CdTe to,Qdg.Te should reduce potential interface states that
could lead to recombination. The use of this source design is not limited to Mg and CdTe deposition.
Other source materials may be incorporated to form various ternaries and quaternaries. This design may
also be used for slow doping. Proportion of Mg can also be altered by changing the temperature of the Mg

source and that may act as a useful tool in control of band dagh.g¥1g,Te.

A.3. SPUTTER DEPOSITION OMG; x«ZN,O

Mg:1ZnO films were deposited using a Plasma Enhanced Sputter Deposition system developed
and operated at PV Manufacturing Laboratory. The process was carried out at 5mTorr pressure of process
gas that was 1% {n Ar. Deposition was carried out at room temperature. Approximately 10 minutes of
deposition at 180 Watts gave the desired film thickness of 50 nm. The target was set at a distance of 15
cm from the substrate and a shutter mechanism was used to ensure cutting off deposition was prompt at

the end of desired time.
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