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ABSTRACT

Cu(In,Ga)Se; (CIGS)-based solar cells are promising for photovoltaic applications.
The growth dynamics of CIGS thin films were investigated based on the three stage
Physical Vapor Deposition (PVD) growth process to deposit the films. Using this
process, the highest efficiency achieved so far for a CIGS-based solar cell is 19.2 %. The
objective of this investigation is to develop the fundamental understanding of the growth
process and how it leads to film properties that are responsible for such a high efficiency,
and also identify those properties that need to be enhanced further toward achieving
efficiencies greater than 20 %.

The experimental approach is to interrupt the film growth process at critical points
along the growth pathway and examine the material properties as the film develops
toward its final stage. These critical points were chosen to correlate with certain phases
on the CIGS pseudo-binary tie-line. Several CIGS thin films with Cu/(In+Ga) ratio
ranging from 0 to 30 % and two Ga/(In+Ga) ratios (~30 % and ~60 %) were prepared. It
1s found that in the three-stage process, the growth kinetics, substrate temperature profile,
and reaction time will make the outcome of local equilibria unique to the growth process.
Key results are: (1) stoichiometric (In,Ga),;Ses was prepared. By adding Cu, the lattice is
mainly altered through the c-axis, the chalcopyrite structure starts to appear, and
homogeneity in the Cu distribution in our CIGS films improves. CIGS films with 6-11%
Cu shows the strongest lamellar structure which is indicative of the presence of the
defect-chalcopyrite phase. Films with higher Ga content have smaller grains. (2) At the
Cu-rich stage of the three-stage process, the film contains the ®-CIGS phase (as the
primary phase) and Cu,.Se as a secondary phase. The grains of the two phases are
coherent and appear as a large single grain by Scanning Electron Microscopy (SEM). As

the film transitions to In(Ga)-rich, the large grains appear to decompose into smaller
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grains. In the Cu-rich sample, two structurally different Cuy.«Se phases with different x-
values exist with the CIGS major phase. A cubic phase exists on the CIGS crystallites,
and a tetragonal phase exists between the CIGS grains. It is believed that the tetragonal
Cua.Se is the first to form during the 2™ stage of the three stage growth process, and
serves as the host lattice for In and Ga from the (In,Ga),Se; in stage one, resulting in the
formation of the CIGS tetragonal lattice. The cubic phase of Cu,.«Se forms at the point
when Cu exceeds stoichiometry, and nucleates on the already formed CIGS crystallites.
At the transition point from Cu-rich to In(Ga)-rich, conformal and coherent sub-domain
boundaries which cannot be seen by SEM are formed. These sub-boundaries are the
precursors for grain-boundaries, which materialize when the film becomes In(Ga)-rich,
and they also serve as a stress (and thus defects) relief mechanism; (3) Evolution of the
intrinsic native defects depends on the dynamics of the reaction pathway, i.e., the
compositional changes that occur when the film transitions from Cu-rich to In(Ga)-rich.
For CIGS-based devices with Ga/(In+Ga) of 30%, acceptor-like traps dominate in
samples where CIGS grains do not go through the Cu-rich to In(Ga)-rich transition,
whereas donor-like traps dominate in In(Ga)-rich samples. Therefore, a clear
transformation of defects from acceptor-like to donor-like traps can be seen. The
activation energies of these traps range from 0.12 to 0.63 eV. Also, it is observed that
NaCN treatment eliminates a deep minority trap in the In(Ga)-rich devices. For CIGS-
based devices with Ga/(In+Ga) of 60%, only majority-carrier traps were detected. These
traps again range from shallow to deep. The carrier concentration is the highest for Cu-
rich CIGS and decreases as the material becomes more In(Ga)-rich. All our Deep Level
Transient Spectroscopy (DLTS) data for low- and high-Ga devices show that the charge-
carrier emission rate obeys the Meyer-Neldel rule; and (4) the highest concentration of
defect states in three-stage grown CIGS material is generated at the end of the 2™ stage.
Reducing these concentrations is beneficial to device performance. It was shown that
modifying the growth process by introducing an annealing step after the 2™ or 3™ siages

reduces the concentrauion of defects significantly and enhances device performance.
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CHAPTER 1

INTRODUCTION

1.1. Overview

Most of our energy comes from fossil fuels -- coal, petroleum, and natural gas.
Although the supplies of these fossil fuels are vast, they are not unlimited. And more
important, the earth's atmosphere and biosphere may not survive the environmental
impact of burning such enormous amounts of these fuels. Carbon stored over millions of
years is being released in a matter of decades, disrupting the earth carbon cycle in
unpredictable ways.

Fossil fuels are running out as presently foreseeable rates of use are projected into the
near future. In the 19" century, the principal source of energy was wood. Subsequent
industrial development was built on coal resources. About the time of World War I, oil
began to become a major contributor to energy consumption. Finally, about 1950, natural
gas took over a significant role in the economy. The large utilization of these fossil fuels
is therefore a rather recent development against the history of the planet itself. The
consumption rate of oil and gas supplies is illustrated in figure 1.1 [1,2].

Oil has been a defining force in the 20" century. It has shaped political boundaries,
defined the outcome of battles and wars, created and disrupted economies, and remade
the urban environment. It has also taken a heavy toll on the environment, through air
pollution and oil spills. The emissions of large amounts of carbon dioxide into the
atmosphere as a result of burning oil, cause worldwide climate shifts and global warming.
Other emitted pollutants like sulfur and nitrogen oxides are responsible for acid rain and

depletion of the ozone layer.
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Figure 1.1. The rise and fall of the world’s rate of consumption of fossil fuel resources [2].

Our supplies of oil are being burned so quickly that oil may become a uniquely 20"
century phenomenon. Worldwide reserves of oil could supply 40 to 60 years of
consumption at current rates. By the middle of the 21-century, world oil supplies could be
dwindling. Environmental pressures may lead to restrictions on its use before then.

But fossil fuels are not the only source of energy, and burning fuel is not the only way
to produce heat and motion. Renewable energy offers us a better way. Some energy
sources are "renewable" because they are naturally replenished, because they can be
managed so that they last forever, or because their supply is so enormous that they can
never be meaningfully depleted by humans. Moreover, renewable energy sources have
much smaller environmental impacts than fossil and nuclear fuels. The most important
and the only long-term natural and renewable source is the Sun. Compared to human
history, the life of the sun is effectively infinite. Our sun has been shining for about five
billion years, and it will shine for another five billion years.

The amount of energy from the sun that falls on the earth is enormous. The source of

that energy is a nuclear fusion reaction. H, is converted into He in a rate of 6x 10" kg/s



resulting in a total mass loss of 4 x 10° kg, which is converted through the Einstein
relation (E = mcz) to 4x10% J. This energy is emitted as electromagnetic radiation of

wavelengths 0.2 — 3 um (from ultraviolet to infrared and radio spectral regions) [3].

1.2. Photovoltaics (PV)

Photovoltaics is the conversion of sunlight into electricity. This conversion of solar
energy appears to be one of the most promising ways of meeting the increasing energy
demands of the future in a time when conventional sources of energy are being depleted.
The present growing interest in photovoltaic conversion is a consequence of the concern
to identify future sources of energy that will be inexpensive as well as consistent with the
maintenance and safety of the environment.

PV has many benefits. It is highly reliable, renewable, pollution-free, low in operation
and construction costs, and since it has no moving parts, it operates for long periods of
times with virtually no maintenance and no noise. It needs no exploration for new
sunshine reservoirs, and no wars to get access over its fuel. Also, a PV system can be
constructed to any size based on energy requirements.

Despite these benefits of PV, it is still not widely adopted. The energy payback (i.e.
how long a PV system must operate to recover the energy consumed to produce it) is
critical to technology viability. Usually, the initial cost (labor, materials, energy, etc.) for
a PV system is high. Best estimates indicate that PV system energy payback is in the
range of 2.5-3 years for present-day roof-top installations, and 3-4 years for multi-mega-
watt, ground-mounted systems [4]. Systems deployed in the next generation are expected
to have shorter payback times (1-2 years or less) [5]. The operating lifetime of a PV
module is not less than 30 years. So, even with current technologies, the system energy

payback is finite and well within the PV system operating lifetime. One other concern is



that, PV systems do not generate power when the sun does not shine, so a storage system
is needed for power generation during these times.

The annual growth rate of solar-cell module production 1s 20-30%. In 1999, it reached
near 200 MW [7]. Despite industry growth, there is a concern that the manufacturing
capacity is lagging the current and projected demands. Figure 1.2 shows the growth in the
PV-MWs in the 1990s of the 20" century [6]. Figure 1.3 shows the PV roadmap of the 1%
fifth of this century [7].
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Figure 1.2. Growth of PV-MWs in the 1990s of the 20" century [6].
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Figure 1.3. PV growth strategy 2000-2020 [7].



To make photovoltaic conversion of solar energy a useful contributor to our future
energy needs, there are three main areas in which a commercially viable solar cell
module must excel: (1) cost, (2) efficiency, and (3) operating lifetime. Clearly, these are
not independent, but are mutually related [2]. The higher the efficiency and the longer the
operating lifetime the lower the cost. The $/ W cost of the modules must be reduced to
compete with other power-generating technologies. Converting the $/ W into $/ m’

is simple:

$/m*=$/WxW/m?

1.1
= $ /W x module efficiency X average radiation intensity (1)
For example, the cost/m” for an 11% module at a rate of 4 $ /W is:
48 /W x0.11x1000W / m* = $440/ m* (1.2)

1.3. Solar Cells and Solar Spectrum

A number of processes are involved in the generation of electricity from a solar cell.
Radiation is received from the sun, then absorbed by the absorber layer in the solar cell,
generating charge carriers which are separated by the junction, and then collected at the
contacts of the device. Those collected carriers form the “electricity” which can be used
in the actual utilization of power generation [2].

The intensity of solar radiation in free space at the average distance between the earth
and the sun is referred to as the solar constant and has the value of 1353 W /m*[3]. The
atmosphere attenuates the sunlight by at least 30% during its passage to the earth surface.
This attenuation is due to water-vapor absorption in the infrared, ozone absorption in the
ultraviolet, and scattering by airborne dust. The degree of this attenuation is highly
variable and can be described by an important parameter called the air mass. This

parameter can be defined as the ratio of the sunlight actual pathlength to the minimum



pathlength (which occurs when the sun is overhead). This ratio equals to the secant of the

angle (secO) between the two paths.

1

Air Mass =
cos@

(1.3)

A practical way to estimate the Air Mass is to place a stick of height & vertically on the

earth’s surface. With s as the length of the stick shadow:

2
Air Mass = 1+(%J (1.4)

Therefore, when the sun is ~48° off overhead, the radiation is AM1.5, while in space, the

radiation is AMO. The spectral distribution of sunlight is given in figure 1.4. The
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Figure 1.4. Solar spectra corresponding to AM0 and AM1.5.



