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ABSTRACT
HIGH EFFICIENCY ULTRATHIN CIGS SOLAR CELLS
Krishna Prasad Aryal

Old Dominion University, 2015
Director: Dr. Sylvain Marsillac

The global demand for renewable energy is growing rapidly. Increasing the global
share of alternative sources of energy would not only bring environmental benefits, but
also enhance overall energy security by diversifying energy supply. Many technology
options exist nowadays to harvest the power of the sun, a sustainable energy source, and
generate electricity directly from this source via the photovoltaic effect. Among them,
Cu(In,Ga)Se: (CIGS) has gained significant momentum as a possible high efficiency and
low cost thin film solar cell material. The capacity to scale up any photovoltaic technology
is one of the criteria that will determine its long term viability. In the case of CIGS, many
manufacturers are showing the way for GW-scale production capacity. However, as CIGS
technology continues to increase its share of the market, the scarcity and high price of
indium will potentially affect its ability to compete with other technologies. One way to
avoid this bottleneck is to reduce the importance of indium in the fabrication of the cell
simply by reducing its thickness without significant efficiency loss. Reducing the thickness
of CIGS thin film will not only save the material but will also lower the production time

and the power needed to produce the cell.



The material properties of Cu(In,Ga)Se; thin films are different with deposition
process. Many different methods to deposit Cu(In,Ga)Se: thin film have been tried until
now but Cu(In,Ga)Se; thin films prepared by co-evaporation of elemental sources are the
most successful due to the control over the sequence of evaporation of individual material.
However, the co-evaporation process is a complex process and, depending on the
individual sources and substrate temperature, the thin films are grown with different
characteristics. The characteristics of these thin films changes with the change in the atomic
percentage (at.%) of Cu, In. Ga and Se, which depends on the evaporation conditions.
Among different co-evaporation techniques to grow Cu(In,Ga)Se», 1-stage, 2-stage and 3-
stage co-evaporation processes are the most successful processes

Co-evaporation process is the best technique for highly efficient CIGS solar cell
but this process needs a precise control of the elemental composition in the vapor flux in
order to achieve high quality material, which is not easy to obtain due to the low sticking
coefficient of Selenium. One of the major concerns in Cu(In,Ga)Se; thin film solar cell
fabrication that affect significantly the cell performance during deposition is stoichiometry.
CIGS with low Se samples exhibited very low Cu content, additional chalcopyrite phases,
very small grain size, and poor solar cell performance. So it is very important to find the
minimal selenium flux to obtain high quality Cu(In,Ga)Se; thin film.

During the deposition of ultrathin Cu(In,Ga)Se; film with 1-stage, 2-stage and 3-
stage co-evaporation processes, real time spectroscopic ellipsometry (RTSE) is
implemented to study the material properties as well as to monitor the process. The
deposition processed for individual layer of CIGS device are optimized to enhance the

efficiency of the CIGS solar cell.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Background

Global Energy demand is expected to increase continuously every year due to
population growth and economic development. In order to fulfill the energy demand with
time, roughly 30 TWh of energy is required by the end of 2050. Today most of these energy
demands are produced by burning fossil fuels such as coal, petroleum and natural gas. The
peak supply of these energy from conventional sources has already been achieved recently
or is about to be achieved within the next 20- 30 years [ 1]. Beside this the greenhouse gases
emitted from the burning of the fossil fuels significantly affect the environment and will
threaten human existence in future. In order to fulfill these future energy requirements, we,
as a society, are in need of development and deployment of renewable sources of energy.
Renewable energy sources such as hydroelectric, geothermal, biomass, wind and solar
energy are not only abundant sources but they are also cleaner. The power of sunlight
incident on the Earth is 125,000 TW, which is 10,000 times the existing annual demand of
energy [2]. Energy from the sun would make life possible on this planet. At present, the
typical electricity price generated from traditional sources cost ~ $0.10/kWh whereas
electricity from PV plants costs around $0.27/kWh [3]. However, the electricity cost from
traditional sources will continue to rise whereas the electricity from PV is decreasing due
to advanced technology. improved efficiency and large scale utilities. The cross over

between these prices, which is called “grid parity™, will take place in the near future [4].



Many technology options exist nowadays to harvest the power of the sun, a
sustainable energy source, and generate electricity directly from this source via the
photovoltaic effect. Among them, Cu(In,Ga)Se; has gained significant momentum as a
possible high efficiency and low cost thin film solar cell material. With 21.7% efficiency,
Cu(In,Ga)Se; (CIGS) solar cells are the most efficient polycrystalline thin films solar cells
today [5]. Besides high conversion efficiencies, CIGS cells have proved long term outdoor
stability and radiation hardness [6-7]. The capacity to scale up any photovoltaic technology
is one of the criteria that will determine its long-term viability. In the case of CIGS, many
manufacturers such as Solar Frontier are showing the way for GW-scale production
capacity. However, as CIGS technology continues to increase its share of the market, the
scarcity and high price of indium will potentially affect its ability to compete with other
technologies. One way to avoid this bottleneck is to reduce the importance of indium in the
fabrication of the cell simply by reducing its thickness [8]. Reducing the thickness will not
only save the material but will also lower the production time and the power needed to

produce the cell. All these factors will help to reduce the production cost significantly.

1.2 Solar Cell Background Basics

A solar cell is a semiconductor device. which converts sunlight into electric power
by generating current and voltage. This conversion process always consists of the
following essential steps: a) generation of electron-hole pairs (e-h) in semiconductor
materials by absorbing the incident photon with energy (Epn) greater than or equal to the

band gap (Eg) of the absorbing materials, (b) separation of these light generated e-h pairs



(c) collection of these carriers by appropriate electrodes. A p-n junction is one of the widely
used structures in order to separate e-h pairs.

In order to convert incident sunlight to electrical power, photons of a range of
energies need to generate electron-hole pairs. An electron-hole pair is generated only if the
energy of the incident photon is enough to overcome the band gap of the materials.
However, for solar cell application, photon energy greater than band gap is wasted in the
form of thermalization. The current-density vs. voltage (J-V) characteristics of the solar
cells measured in dark condition resemble the exponential response of a diode with higher
current in the forward bias and small current in reverse bias. Under illumination, there is
also a photocurrent in the cell which is in the opposite direction of the dark current and the
J-V characteristics are ideally the superposition of the dark characteristics and the

photocurrent. The Shockley diode equation under illumination [9] is
_ qV | AKT
J=J,(e ——1)——Jp,, (1.1)

Where J is the current density, V is the applied voltage, Jo the reverse saturation current
density of the diode, q is the elementary charge, A is the ideality factor, k is the Boltzmann
constant, and T is the temperature.

Figure 1.1 shows the J-V characteristics of a solar cell under illumination showing the
most discussed performance parameters such as the open circuit voltage (Vc), the short
circuit current density (Jsc) and the maximum power point with voltage and current density
of Vmp and Jmp respectively. The equations relating the above parameters to conversion

efficiency () are also given.



v 14
n= mpJmp ___( mplmp) (Voc]sc) = FF Vodsc

n

Pin Voclsc Pin

Current density

|
w
@)

Voltage

Figure 1.1 J-V characteristics of solar cells under illumination showing the open circuit (V,.), the short circuit
current density (Ji) and the maximum power point with voltage and current density of Vimp and Jup
respectively.

1.2.1 Short-circuit Current Density

The short-circuit current density, Jsc, is the current through the solar cells when V
= (), which is a similar condition as the two electrodes of the cell being short-circuited
together. Because V= (, and power is the product of current and voltage, no power is
generated at this point but Jsc marks the onset of power generation. Jsc of a solar cell depends
on the photon flux density incident on the cell, which is determined by the spectrum of the
incident light. The optimum current that the solar cell can deliver strongly depends on the
optical properties such as absorption in the absorber layer and total reflection of the solar

cell.



1.2.2 Open-circuit Voltage

The open-circuit voltage, Voc, is the voltage at which no current flows across the solar
cell, which is the same as the device being open-circuited. This is the maximum voltage that a
cell can deliver. Since J= 0 there is no power produced at this point but it marks the boundary
for voltages at which power can be produced. The Voc corresponds to the amount of forward
bias voltage at which the dark current compensates the photo-current in the solar cell. The Voc

can be calculated from an equation given below by assuming that the net current is zero.

Voc =f‘-:-T-ln(’]Lo"+ 1) (1.2)

Where kT/q is the thermal voltage, Jpn is the photocurrent density and Jo is the dark
saturation current.

The above equation shows that Voc depends on the saturation current and light
generated current in the solar cell. Since Jpn has a small variation, the key effect on Voc is
the saturation current, which may vary by orders of magnitude. The saturation current
density, Jo, depends on the recombination in the solar cell so V. is a good measure of the

amount of recombination in the cell.

1.2.3 Fill Factor

The fill factor is defined as the ratio of the maximum power (Pmax = Jmp X Vmp)

generated by a solar cells to the product of Ve and Jsc.

FF = ’]""”# (1.3)

It is an indication of how close Jmp and Vmp come to the boundaries of power generation of

Jscand Voo It is also an indication of the sharpness of the J-V curve that connects J and



Vo High FF 1s always desired since this is the indication of higher maximum power but

the diode-like behavior of solar cells results in FF always being less than one.

1.2.4 Power Conversion Efficiency

The most commonly used parameters to compare the performance of a solar cell is
the power conversion etficiency which is defined as the ratio of energy output from the

solar cells to input energy from the sun. The efficiency of a solar cell is determined as

r’ — Pmax — ]mpvmp —_ VOC]SC FF (] 4)
Pin Pin Pin '

The above equation clearly shows that FF, Js, and V. all have direct effects on 7. Since
the area used to calculate J will affect the efficiency of the cell, the inactive areas such as
grids, and interconnects should be included while calculating the efficiency for large area
devices or modules. The efficiency of the solar cells is also very dependent on the power
and spectrum of the incident light source and the temperature of the solar cell, since the
solar cells do not absorb and convert photons to electrons at all wavelengths with the same
efficiency. So all the conditions under which the conversion efficiency of the cell is
measured should be carefully controlled in order to compare various solar cells. Even
though the solar spectrum at the earth’s surface varies with location, cloud coverage, and
other factors, the AM1.5 G spectrum as shown in Figure 1.2 is the most commonly used
standard spectrum for measuring and comparing the performance of photovoltaic devices.
The term air mass intensity (AM) is usually used to denote the ratio of the optical path to

a normal path at sea level on a cloudless day and the expression for it is given as

1

AM = CosB

(1.5)



Where 0 is the angle of the path Sun light travels with respect to the vertical. If 0 is 48.19
% then AM condition is called AM 1.5 (AM=1/Cos (48.19) = 1.5). So the AM 1.5 is
equivalent to the sunlight passing through 1.5 times the air mass of vertical illumination

(AM 1).
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Figure 1.2: Comparison of spectral irradiation densities: AMO irradiation (blue), and AML.5 irradiation
(red).

1.2.4 Practical Requirements from a Solar Cell Material

There are various materials, which exhibit the photovoltaic effect and can be
considered for the solar cell production. However, materials for efficient solar cells needs
to satisfy numerous requirements such as i) materials for practical PV application must
have characteristics matched to the spectrum of the available light, ii) the materials needs

to be inexpensive, non-toxic and available in large quantity, iii) the PV device production



method should be fast. inexpensive and environmental friendly and iv) the PV device

performance must be stable for outdoor application for extended periods of time.

1.3 Overview of Progress in Photovoltaic (PV) Technology

1.3.1 Introduction

The history of solar energy is not new. We started to utilize the sun’s energy to
convert into electricity in the last two centuries. In 1839, Alexandre-Edmond Becquerel
discovered the photovoltaic effect. He observed that he could produce an electric current
by exposing two metal electrodes placed in conducting solution to light. In 1873, the photo-
conductivity of solid selenium was discovered by Willoughby Smith [12]. In the 1950s, a
silicon photovoltaic cell with efficiency around 6 % was developed at Bell Laboratories by
Calvin Fuller, Daryl Chapin, and Gerald Pearson [13]. Since then, due to advancement in
the technology, semiconductor based devices are developed to make more efficient solar
cells which are classified into three generations known as First generation, Second

generation and Third generation photovoltaic technology.

1.3.2 First Generation PV

First generation photovoltaic cells are single junction solar cells based on silicon
wafers, including single crystal (c-Si) and multi-crystalline silicon (mc-Si), as well as on
GaAs. The silicon cells and modules are the dominant technology on the solar cell market,
accounting for more than 86% of the solar cell production. But manufacturing cost is the
major challenge because of the high purity materials requirement to avoid recombination

issues, even though much progress has been done in the last 5 years with module costs now



reduced to below $0.8/W. These ¢-Si and mc-Si semiconductors, used in commercial
production, allow power conversion efficiencies up to 25%, even though the fabrication
technologies at present limit them to about 15 to 20% [14]. C-Si has an indirect band gap
of ~ 1.17 eV, which has the following problems: it absorbs sunlight poorly and needs
relatively thick layers in the order of hundred micro-meters to absorb most of the incident
light. GaAs, on another hand, is a direct band gap material with zinc blende crystal
structure. Its band gap can be tuned by varying the group IIl element or the group V
element. GaAs based solar cells hold the highest conversion efficiencies (30 % for single-
junction and 40% for multi-junction solar cell). However, the fabrication cost of these
devices is very high because of the high purity requirement. The GaAs solar cells are
mainly fabricated using molecular beam epitaxy (MBE) or metal-organic chemical vapor
deposition (MOCVD), which are very expensive deposition techniques. This is the main
reason this technology is currently limited to space applications like satellite and space
station solar cells. The second generation technology has the advantage because of being

more forgiving during the deposition process.

1.3.3 Second Generation PV

In order to fulfill the requirement of lower cost and improved manufacturability at
large scale, a second generation PV, also called thin films PV, has been developed. There
are basically three types of solar cells that are considered in this generation: Cadmium
Telluride (CdTe). Copper indium gallium diselenide (CIGS) and amorphous silicon (a-Si).
These thin films absorb the solar spectrum much more efficiently than c-Si or me-Si and

use only a couple of microns of active materials. They also offer a way to increase the unit
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of manufacturing by 100 times from first generation PV i.e. Silicon wafer (~ 100 cm?) to a
glass sheet (~ | m®) [15]. The recorded efficiency of CIGS (21.7%) |5] and CdTe (20.8 %)
[14] have provided ample evidence of the potential of thin-film PV. Although the
expansion of 2™ generation of PV is getting slower than expected, it still has greater
potential to bring down the production cost of PV in large scale production by reducing

material usage and production costs.

1.3.4 Third Generation PV

The primary approach of 3™ generation PV is to reduce the PV costs further below
the level of 2" generation PV by increasing the efficiency while keeping the almost similar
advantage of thin film deposition technique. In order to achieve such efficiency
improvements, PV technology is seeking to overcome the Shockley-Quesser limit of 31-
41% efficiency for single-band gap devices [16]. The inability to absorb incident light with
energy less than the band gap and thermalization of light energies exceeding the band gap
are the main important power-loss mechanism in single band gap cells. These two power
loss mechanism can potentially be addressed by designing a series of new device structure
based on innovative technologies. These new devices include multi-junction/tandem cells,
quantum dot cells, intermediate band solar cells, hot-carrier cells and non-semiconductor
cells such as organic photovoltaic, polymer solar cells, and dye-sensitized solar cells. A
new concept in PV based on ‘inorganics-organics’ offers improved solar efficiency in
comparison to third generation PV. The hybrid active materials which is the combination
of the low cost and conducting polymers films (organic) and the life time stability of novel

nano-structure (inorganic) improves the harvesting cross-section, the charge dissociation
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and charge transport within the PV devices [10]. These new devices include mainly carbon

nanostructures, mNPs, metal oxides and nano-hybrids.

1.4 Thesis Objectives and Organization

Many technology options exist nowadays to harvest the power of the sun, a sustainable
energy source, and generate electricity directly from this source via the photovoltaic effect.
Among them, Cu(In,Ga)Se; has gained significant momentum as a possible high efficiency
and low cost thin film solar cell material. With 21.7% efficiency, Cu(In,Ga)Se; (CIGS)
solar cells are the most efficient polycrystalline thin films solar cells today. The capacity
to scale up any photovoltaic technology is one of the criteria that will determine its long
term viability. However, as CIGS technology continues to increase its share of the market,
the scarcity and high price of indium will potentially affect its ability to compete with other
technologies. One way to avoid this bottleneck is to reduce the importance of indium in the
fabrication of the cell simply by reducing its thickness without significant efficiency loss.
Reducing the thickness of Cu(In,Ga)Se: thin film will not only save the material but will
also lower the production time and the power needed to produce the cell. Even though
Cu(In,Ga)Se; thin film solar cells are an excellent candidate for the renewable energy
production with competitive prices, the knowledge of device physics especially in ultrathin
devices is still incomplete. The main objective of this work is to understand the optical and
electrical properties of ultra-thin Cu(In,Ga)Se: as a function of process and composition,
and to use that knowledge to enhance the efficiency of such devices. To better understand
the optical properties of ultra-thin Cu(In,Ga)Se; as a function of process and other

deposition conditions, real time spectroscopic ellipsometry (RTSE) can be used as a
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suitable in-situ sensor to monitor the thickness, roughness, optical properties, and growth
temperature.

Before starting the ultra-thin CIGS deposition, the following items are the critical
parameters and problems to consider:

- Highly efficient ultra-thin Cu(In,Ga)Se; devices are fabricated from slightly Cu-

poor Cu(In,Ga)Se thin films with band gap around 1.15 V.

- The efficiency of the cell reduces if the Cu at.% in the ultra-thin Cu(In,Ga)Se; thin
film is too low, while Cu-rich films result in shunted devices.
- For optimum quality, ultrathin Cu(In,Ga)Se; films are deposited by 2-stage and 3-
stage co-evaporation process, which involves Cu-rich to Cu-poor transitions.
- Reduce light absorption will reduce the photocurrent.
- The impact of back surface recombination can increase.
We will therefore perform in-situ monitoring of high quality ultra-thin Cu(In,Ga)Se: film
to understand the optical and electrical properties of the films as a function process and
thickness.

In Chapter 2, materials properties of Cu(In,Ga)Se> thin films and characterization
techniques used to explore the Cu(In,Ga)Se; thin films and devices are presented.

In Chapter 3, the effect of absorber thickness on ultra-thin CIGS films and devices
are discussed. Chapter 3 also includes the numerical simulation results to analyze the
experimental results for ultrathin CIGS solar cells.

In Chapter 4, characterization of ultra-thin CIGS films deposited by 1-stage, 2-stage
and 3-stage process are presented. Chapter 4 also provides an overview of the effect of

selenium pressure on ultrathin CIGS films and devices.
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In Chapter 5, characterizations of ultra-thin CIGS films deposition using in-situ
spectroscopic ellipsometry are discussed.

In Chapter 6, advances in CIGS fabrication processes are discussed.

In the final chapter, a summary and conclusion of the work presented here will be
given. This chapter also discusses future works and goals for further improvement of the

PV device quality.
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CHAPTER 2

Cu(In,Ga)Sez SOLAR CELL: MATERIAL PROPERTIES AND

CHARACTERIZATION METHODS

2.1 Cu(In,Ga)Se: Material Properties

2.1.1 Introduction

The history of CulnSe> (CIS) solar cells starts with the invention of CIS solar cells
in Bell Laboratories in the early 1970s. No real effort was given to these devices until
Boeing demonstrated the first high efficiency (9.4%) device in 1981 [17]. At the same time,
CuS; was being explored as a thin film solar cell but had electrochemical instabilities
problems. Since then, research on CuS; has almost stopped but CIS progressed
continuously. Now Cu(In,Ga)Se; (CIGS) solar cells deposited by three-stage process have
achieved above 20 % energy conversion efficiency, which is the highest record for thin

film polycrystalline solar cells |5].

2.1.2 Structural and Compositional Properties

Cu(In,Ga)Se; forms a quaternary compound when Gallium (Ga) atoms partially
substitute Indium (In) atoms in CulnSe; ternary system. The CIGS has a chalcopyrite
tetragonal structure, which is similar to that of the CulnSe; structure as shown in Figure
2.1. The tetragonal structure of the chalcopyrite compound can be considered as a super
lattice Zinc Blende structure by elongating the unit cube along the z-axis twice the length

that becomes the c-axis of the chalcopyrite structure [18]. The ratio of the tetragonal lattice
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parameters c/a, which is called tetragonal deformation, is close to 2 and varies due to the
difference in bond strength in Cu-Se, In-Se or Ga-Se. So, the c/a ratio is a function of x =
Ga/(In+Ga), where c/a>2 for x = 0 and ¢/a<2 for x = 1.

CIGS can be either p-type or n-type depending on the dominant defects. Usually,
n-type CIGS is grown under Cu-rich and Se-deficient environment whereas p-type CIGS
is grown under Cu-poor and Se-rich environment [19]. Thus Se vacancy (Vse) and Cu
vacancy (Vcu) are believed to be the dominant defects in n- and p-type CIGS respectively
[19]. P-type CIGS thin films are used as absorber layers in solar cell application.

Figure 2.2 (a) shows the ternary phase diagram with possible phases in the Cu-In-
Se system. The pseudo-binary In2Ses3-CuzSe equilibrium phase diagram, which is derived
from the Cu-In-Se ternary system, is shown in Figure 2.2 (b). In the phase diagram, a is
the chalcopyrite CulnSe2 phase, 6 is a high-temperature phase and 8 is an ordered defect
compound phase (ODC). The a phase is the most important phase in the Cu-In-Se system
for high efficient CIGS solar cell. It can be clearly seen that the single phase field for
CulnSe2 at low temperature is narrower than at higher temperature, and becomes
maximum around 6000C. So the best suited growth temperature for CIGS thin film is
around 600°C. The average copper (Cu) compositions of high quality CIGS films deposited
at high temperature is 22-24 at%, which lie within the single phase region.

CIGS is formed by alloying CulnSe; in any proportion with CuGaSe;. In high
performance CIGS cell, the Ga/(In+Ga) and the Cu/(In+Ga) ratios are typically 0.2-0.3 and
0.7-1, respectively. There is the possibility of high defect density in the Cu-poor film but
these defect densities should be reasonably low and electronically inactive to avoid adverse

effects on solar cells performance [20]. At the Cu-poor boundary, the a-phase coexists with
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the B-phase, which represents a number of ODC like CulnsSes, CulnsSes etc. The addition
of Ga or Na suppresses the formation of ordered defect compounds [20] and thus widens
the a-phase towards the Cu poor boundary. Thus, these provide slightly more freedom in

terms of deposition conditions.

@ Copper
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‘ Selenium

Figure 2.1 Chalcopyrite crystal structures of CIGS [after 21]
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Figure 2.2 (a) Ternary phase diagram of Cu-In-Se system [after 17] and (b) pseudo-binary phase diagram
[after 21].

2.1.3 Optical Properties and Band Gap Grading

CIGS films have very high absorption coefficient, with values larger than 10° cm™
for 1.5 eV and higher energy photons [22]. So, only a few micrometer thick CIGS film is
needed to absorb most of the incident light. The absorption coefficient, a., can be calculated
from the transmission and reflection coefficients using the following expression [23]:

o= 2In(1- R)-In(T)
d

@.1)

Where d is the thickness of the thin film, R is the reflection and T is the transmission. Since
CIGS is a direct gap semiconductor, the absorption coefficient in the region of strong

absorption obeys the following equation
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A
= h -E, 112 2.2
__hu( v-£E,) (2.2)

Where h is the Planck constant, v is the radiation frequency, Eg is the band gap energy and
A is a constant, which depends on the nature of the radiation. The extrapolation of the linear
portion of the (ahv)? versus hv graph at hv = 0 gives therefore the band gap value of the

material. Cu(In,Ga)Se; has a tunable band gap that varies with x = Ga/(In+Ga). The
relation between the Eg and x can be expressed by the following empirical formula [24]:

E,=(1-x)E (CIS)+xE,(CGS) - bx(1 - x) 2.3)

Where E(CIS) is 1.04 eV, the band gap of CulnSez ; E;(CGS) is 1.68 eV, the band gap
of CuGaSe;; and b is the bowing parameter that depends on the growth. The most
reproducible values of b are around 0.15-0.24 eV [24]. The Ga content in the Cu(In,Ga)Sez
thin film affects the band-gap primarily in the conduction band. The band gap of
Cu(In,Ga)Se; increases with increasing Ga content by shifting the conduction band
position [24]. So, with an appropriate spatial variation of Ga in the Cu(In,Ga)Se>, various
band gap profiles can be achieved as shown in Figure 2.3. Introducing a higher Ga/(In+Ga)
ratio near the front surface (Space charge region) and at the back surface region of
Cu(In,Ga)Se: film will increase the band gap locally. The increase in the band gap, AE,,
creates an additional electric field, which is also called quasi electrical field [25]. The Ga-
gradient in the space charge region (SRC) and at the back surface improves Jc performance
due to the additional force created that increases the carrier collection. The back surface
recombination can be reduced significantly due to the back surface grading, which also
enhances the voltage by reducing recombination. The SCR grading as an addition to the

back surface grading also increases the device voltage since the voltage is also determined
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by the band gap in the space charge region. In general, a proper band-gap grading in the

SCR and back surface are capable of significantly improving the device performance.
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Figure 2.3 Different types of absorber band gap profiles. (a) Uniform band gap (b) Front grading (Space
charge region grading) (c) back surface grading (d) Double grading.

2.2 Materials and Devices Characterization
CIGS thin films and devices were analyzed in-situ, in real time or ex-situ via
different types of characterization techniques. The outcomes from these techniques were

then corroborated to get a complete understanding of the materials and devices properties.
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2.2.1 X-ray Fluorescence (XRF)

X-ray fluorescence (XRF) is a non-destructive, powerful analytical technique to
identify and determine the elemental composition of a material. This technique can be used
to determine most of the elements in the periodic table from boron (B) to uranium (Ur) in
the range of part per million (ppm) to 100%. The working principle consists of bombarding
a sample with primary X-rays that causes the constituent atom to be energized, so that
individual electrons move out of their normal positions and into orbitals further from the
central nucleus. When the atom returns back to its stable state, the electrons drop back into
their inner orbits and give off their excess energy in the form of characteristic secondary
X-rays (fluorescence) whose energy is the difference between the two binding energies of
the corresponding shells. By measuring the energies of the characteristic secondary X-
rays, and counting the number of X-rays of each energy, XRF allows identifying which
elements are present in a sample and also determining the relative concentration of these
elements within the sample. In most cases, the innermost K and L shells are involved in
XRF detection. A typical x-ray spectrum from an irradiated sample will display multiple
peaks of different intensities as shown in Figure 2.4 below. XRF can also be used for
thickness measurement, for films that are not thicker than the penetration depth of

radiation.

The composition and thickness of CIGS thin films were measured using XRF to
make sure that no processing was done on cells that would not work, by checking the

Cu/(In+Ga) ratio and the Ga/(In+Ga) ratio.
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Figure 2.4 XRF Spectrum taken using Solar Metrology System SMX with 2 mm beam and 60k HV

2.2.2 X-ray Diffraction (XRD)

X-ray diffraction is a rapid analytical technique used to probe the crystalline phases
present in materials and to measure the structural properties such as grain size, preferred
orientation and defect structure of the phases. When a collimated beam of X-rays is
directed at the sample surface, the material of the sample causes the X-rays to be diffracted
at various angles based on its crystal structure. The diffraction spectrum of the samples is
then plotted as a function of 20. When Bragg’s law (2d sin® = n) is satisfied, diffraction
peaks appear. The diffraction angle. the number of peaks and their intensity depend on the
crystal structure, symmetry and lattice constant. Comparing the peaks with XRD database
gives the phase, crystal orientation, lattice constants and other information. The inter-
planar spacing, dnki, corresponding to each diffraction line, is calculated by the following

equation:

4

28in6 (2.4)

dpi =
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Where 0 is Bragg's angle of diffraction and X is the wavelength of the X-rays radiation.

XRD data can also be used to predict the crystallites size using Scherrer formula [26].

- K4 2.5)
[cosd

Where L is the grain size, K; is Scherrer constant (usually set at 0.9 for spherical particles),
B is the full width at half maximum of the peak in radians, A is the wavelength of the X-ray

beam and 20 is the peak position.

The X-rays penetration depth can be varied by varying the angle of incidence of the
x-rays beam. With a bigger angle it is possible to see the material composition deeper into
the sample. For Cu(In,Ga)Se> compounds, since the lattice parameters for different
Ga/(In+Ga) are already known, XRD can also be used to find the Ga/(In+Ga) value in the
film. Sometimes, it is not desired to probe deeply into the film or not possible to get a good
signal if the film is too thin. To counteract this, grazing incident XRD (GIXRD) can be
used. This is basically a low angle XRD, which changes the penetration depth of the X-ray

by fixing the incident angle from 1 to 10 degrees while moving the detecting arm.

2.2.3 Atomic Force Microscopy (AFM)

AFM is one type of scanning probe microscopes, which is used to obtain surface
structures images (on an nm or even sub-nm scale) and other information. In AFM, a probe
is maintained in close contact with the sample surface by a feedback mechanism as it scans

over the surface, and the movement of the probe to stay at the same probe-sample distance
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is taken to be the sample topography. Generally a cantilever made of Si or SiN is used to
probe the surface of the sample by adjusting the position via control implementations. The
tip of the cantilever is kept in continuous or intermittent contact with the sample surface
and the cantilever is translated over the sample using a piezocontroller. A laser is reflected
on the back surface of the cantilever as a scan is in progress. Whenever the laser changes
its positions due to force on the cantilever, a voltage is applied to the piezoelectric to make
the laser go back to its origin. The voltage corresponds to the height of surface features,
since the force on the cantilever is caused by the features on the specimen. A precise
calibration between the height and the voltage is accomplished by using a sample with
known structure. AFM can be used in three main different modes of imaging depending on
the interaction of the surface and the tip. In contact mode, the tip of the AFM probe is
always kept in contact with the surface whereas the tip never touches the sample in non-
contact mode measurement. During contact with the sample, the probe predominately
experiences repulsive Van der Waals forces. As the tip moves further away from the
surface (non-contact mode) attractive Van der Waals forces are dominant. Contact mode
AFM is good for rough samples but it damages soft surfaces whereas the non-contact mode
has bad resolution and usually needs ultra-high vacuum (UHV) to have best imaging. In
tapping mode, the imaging is similar to contact mode however in this mode, the cantilever
is oscillated at its resonant frequency via the piezoelectric crystal attached to the tip holder.
During the oscillation, the probe tip keeps moving towards the surface till it lightly taps on
the surface. As soon as there is contact between the tip and the surface, there is loss in the
oscillation amplitude, which is used to find the topographic changes. This technique allows

high resolution and is good for soft surface.
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2.2.4 Mass Spectrometer

The mass spectrometer is a powerful analytical instrument which can be used to
quantify known materials, to identify unknown compounds within a sample, and to
elucidate the structure and chemical properties of different molecules. This is essentially a
technique for "weighing" molecules. It works on the principle that ions can be separated
by mass while moving through a magnetic field. The first step in the mass spectrometric
analysis of compounds is the production of gas phase ions of the compound, basically by
electron ionization. The ions are separated in the mass spectrometer according to their
mass-to-charge ratio, and are detected in proportion to their abundance. A mass spectrum
of the molecule is thus produced. It displays the result in the form of a plot of ion abundance
versus mass-to-charge ratio. Thus, the complete process involves the conversion of the
sample into gaseous ions, with or without fragmentation, which are then characterized by
their mass to charge ratios (m/z) and relative abundances. The mass spectrometer consists
of four major components i) a sample inlet ii) ion source iii) analyzer iv) detector system.
Samples molecules are introduced into the instrument through a sample inlet and these
molecules are converted to ions in the ionization source before being electrostatically
propelled into the mass analyzer. lons are then separated according to their m/z within the
mass analyzer. The detector converts the ion energy into electrical signals, which are then
transmitted to a computer. It provides a real time, in situ, no-contact, and non-intrusive
process sensor for CIGS co-evaporation and is being used to monitor the evaporation rate

of multiple elements (Cu, In, Ga and Se) in the system as shown in Figure 2.5 below.
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Figure 2.5 Partial pressure of copper (Cu), indium (In), gallium (Ga) and Selenium (Se) using mass
spectrometer

2.2.5 Hall Effect Measurement

A Hall effect measurement system is used to measure electrical properties such as
carrier concentration (n), carrier mobility (i), resistivity (p), conductivity type (n or p).
Hall voltage (Vu), Hall coefficient (Ru). When a current carrying conductor or
semiconductor is kept in a magnetic field, a force perpendicular to both current and
magnetic field, known as the Lorentz force, is experienced by the charge carrier. The Hall
effect is the result of using this force to determine the magnitude and sign (n-type or p-
type) of this force. When a magnetic field with a perpendicular component is applied, the
paths of the charge carriers are curved so that moving charges accumulate on one side of
the material. Equal and opposite charges remain on the opposite side of the material and a

voltage can be measured from the charge density difference at equilibrium. During the
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measurement, a sample is mounted in the van der Pauw configuration where electrodes are
attached (generally soldered for a good ohmic contact) at four opposite corners. In this
configuration the sheet resistance can be found, and with a magnetic field applied the

charge carrier density and sign can be found.

2.2.6 Secondary Ion Mass Spectroscopy (SIMS)

Secondary ion mass spectroscopy (SIMS) is a high sensitivity surface analysis
technique used to determine the surface composition, elemental impurities and depth
profile on the uppermost surface layers of a sample. SIMS uses a primary ion beam, such
as an Ar or Cs ion, and sends it on the surface of the sample. lons ejected from the material
of the sample are known as secondary ions. These secondary ions are then analyzed by a
mass/charge analyzer using the atomic mass values. Depending upon the polarity of the
sample, positive or negative secondary ions will be extracted. SIMS is a highly sensitive
surface scan analysis measuring atoms in the ppm or ppb range and capable of monolayer
analysis. The type of mass spectrometer employed by SIMS depends on the operating mode
of the SIMS. Static and dynamic SIMS is being used in the field of surface analysis. Static
SIMS is capable of analyzing the surface of an atomic monolayer by using a pulsed ion
beam and a time of flight mass spectrometer while dynamic mode sputters the material of
the sample using a DC primary ion beam and measuring with a quadruple or magnetic
sector mass spectrometer. In this study, a dynamic SIMS analysis was used to find the

impurities in the solar cell stack as well as to find the composition of the absorber layers.
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2.2.7 Transmission and Reflection Measurements

The most common method of determining the band gap of a semiconductor is by
transmission and reflection measurement. The transmission and reflection coefficients of
the semiconductors are normally measured in the wavelength range from 200-2500 nm.
Then the absorption coefficient can be calculated from transmission and reflection
coefficients using the relation [23]:

a= 2In(1- R) - In(T)
d

(2.6)

Where a 1s the absorption coefficient, d is thickness of the thin film, R is the reflection and
T is the transmission. Once a is calculated. then the band gap of any direct band gap
semiconductors can be extracted by plotting (ahv)? vs. hv and by extrapolating the linear
portion of the curve to the hv axis. The intersection of this linear extrapolation with the hv

axis gives the band gap.

2.2.8 Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used to find
the elemental composition of materials down to a spot size of a few microns. It relies on
the emission of X-rays as a result of interaction of the material with the high energy
radiation at atomic level. An electron from the lower energy state is ejected due to the
bombardment of high energetic beam from the electron source and the atom goes to an

excited state. The electron from the excited state falls back to the vacant state by releasing
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energy in the form of X-rays. Since the atomic structure of an element distinguishes it from
another element, this emitted X-ray is charactcristic of the element. An energy-dispersive
(EDS) detector is used to separate the characteristic x-rays of different elements into an
energy spectrum, and EDS system software is used to analyze the energy spectrum in order

to determine the abundance of specific elements in the sample.

2.2.9 Auger Electron Spectroscopy (AES)

Auger Electron Spectroscopy (AES) is an analytical technique used in the study of
surfaces of composition analysis and can be used for depth profile of the composite
material in combination with a sputtering gun, where sputtering is used to remove the outer
layers. The basic Auger process begins with removal of an inner shell atomic electron to
form a vacancy by bombarding with an electron beam. The inner shell vacancy is filled by
a second atomic electron from a higher shell by releasing the excess energy. A third
electron, the Auger electron, escapes carrying the excess energy in a radiationless process.
The process of an excited ion decaying into a doubly charged ion by ejection of an electron
is called the Auger process. The kinetic energy of the emitted electrons is measured and
the signal is proportional to the number of atoms sampled. The kinetic energy of the Auger

electron from an ABC transition can be estimated as [23]:

Eyp =E2)-Ey(2)-E(Z+A)-q¢ 2.7

where Eapc is the kinetic energy of the finally ejected electron, Ei=a ¢ is the binding

energy of electron in i orbit, Z is the atomic number of ionized state and A is the factor
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that take into account the binding energy of the C orbit due to the ionized atom. Auger
electrons can only escape from the outer 5-50 A of a solid surface at their characteristic

energy, which makes it an extremely surface sensitive technique.

2.2.10 Scanning Electron Microscopy (SEM)

Scanning electron microscopy utilizes high-energy electron beam in a raster-scan
pattern to produce a highly magnified image or collect other signals from the three-
dimensional surface of a sample. An SEM consists of an electron gun, an electron lens
system, scanning coils, an electron collector, electron detectors, display and recording
devices. In SEM, larger magnifications are possible over optical microscopes since
electron wavelengths are much smaller than photon wavelength and a large field of view
is possible since the electron beam is small, which allows three-dimensional study of a
specimen’s surface. As an operation principle of a SEM, the focused electrons interact with
the atoms in the specimen producing a number of different types of signals, which contains
data about the specimen’s surface morphology, composition, and other physical and
chemical properties. The induced signals by an SEM include secondary electrons, back-
scattered electrons (BSE), characteristic X-rays, photons as well as specimen current and
transmitted electrons. Electron with energies 0-30 ¢V are detected and used to form the
image in secondary electron mode. These electrons are knocked out from within a few
nanometers of the surface of the specimen. Backscattered electrons are electrons from the

electron beam that are elastically scattered back from the sample and provides the
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information about the bulk properties of the materials since such scattering takes place in

a volume extending down to 0.5 um below the surtace of the specimen.

2.2.11 Spectroscopic Ellipsometry measurement

Spectroscopic Ellipsometry is an optical tool that uses polarized light for the
investigation of the dielectric properties of specimens, from which more indirect
parameters such as growth or structural parameters can be derived. It measures a change in
polarization as light reflects or transmits from samples. Because it uses the polarization
state as a probe rather than only the intensity of the photon itself, it is a very sensitive
measurement technique. It routinely generates information about layers that are thinner
than the wavelength of the probing light itself and theoretically down to a single atomic

layer. The detail theory of the Ellipsometry is explained in Chapter 5.

2.2.12 Current Density vs. Voltage

The standard J-V measurement is performed under a standardized “1-sun” (AM
1.5) illumination at room temperature. The solar cell is placed under the light source,
minimizing the distance to the center of the light. Two electrical probes are placed on the
p-type and n-type sides. Dark measurement is performed without light source while the
illuminated measurement is performed with the light source on. The measurements results
are collected by a highly sensitive and accurate multimeter and sent to a computer, where

all the data is stored in current (I) and voltage (V) pairs. The current density (J) is calculated
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after knowing the illuminated area of the sample. Thus J-V data will be obtained. This J-V
measurement data helps not only in finding efficiency, fill factor, Js, Vo but also helps in
finding the shunt resistance, series resistance and the voltage dependent current collection.

The current density in a real solar cell is written as [27].

J=J exp[;—lqz—f(V——Rx J)J—Jo SRS (2.8)

sh

where A is the ideality factor, R is the series resistance and Ry is the shunt resistance of
the solar cell. An equivalent circuit of a solar cell with these parasitic resistances is shown

in Figure 2.6 below.

—r
&
¢ < ey

Figure 2.6 An equivalent circuit of a solar cell.

The series resistance Rs of a solar cell is not only due to the bulk resistance of the
individual thin film of the cell stack but also to the resistance of the semiconductor- metal
contacts and the bulk resistance of the metal contact. The series resistance can be

. ,
determined from equation 2.8 by plotting % = R\,+ﬂ(.] +J,)" versus (J+J,)™"
q
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under the condition that Rg is infinitely high. This plot intercepts y axis at a value of R
and the slope of the linear region allows identification of A. The effect of increase in the
R; is reflected by the decrease in the steepness of the I-V curve as shown in Figure 2.7. I
and V. remain almost the same but FF decreases for a small increment in Rs. However,
large increase in Rs first affects the Isc and then V.. The shunt resistance Rsp is infinitely
high for an ideal solar cell but this is not true for the real solar cells. A real solar cell always
has a finite value of shunt resistance Rk and this value may decrease further for a solar cell
due to the leakage path near the junction as well as due to the presence of defects like
pinhole in the absorber layer. The decrease in the Rqh has adverse effect on the fill factor.
A plot of dJ/dV determines the shunt conductance. G = 1/Rg.

Due to a short minority carrier lifetimes, charged carriers can recombine before
being swept across the junction by the in-build electric field. The magnitude of the electric
field can be increased by applying a reverse biased voltage across the terminal, which
allows the electrons with small diffusion length to be collected. Such an increment in the
current due to bias voltage is called voltage-dependent current collection Ju (V). The
presence of voltage-dependent current is observed as an increase in the slope in the reversed
bias region of the light J-V curve. Such observation of the light J-V curve can be confusing
since decrease in Rsp also affects the J-V curve in the same pattern. But the decrease in Rsh
also affects the dark J-V curve as it does the light J-V curve. So if the dark J-V curve is
well behaved but there is a slope in the light J-V curve, the voltage-dependent current

collection can also be determined from the J-V measurement
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Figure 2.7 Light and dark J-V curves for an ideal and non-ideal solar cells [after 28].

2.2.13 External Quantum Efficiency

External quantum efficiency is defined as the number of charge carriers generated
by the solar cells per absorbed photon of a particular energy and is a measure of the fraction
of incident photons converted into current. When a photon arrives on the surface of a solar
cell, it can be absorbed by any of the layers deposited on the solar cell. However, photons
with high energy tend to be absorbed toward the surface of the cell facing the sun while
photons with lower energy tend to be absorbed in the bulk of a solar cell. In a solar cell
structure, different layers are designed to absorb different energies of light, with the layers
of highest band gap toward the surface of the cell. So, each layer between the top and the

bottom of the cell acts as a window. A solar cell does not get 100% QE, and the region of
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the QE spectrum that have lower currents can provide insight to what layer in the solar cell
is causing a problem within the cell. Therefore QE of a real solar cell may have less than a
unity if either: i) the light is not absorbed or is reflected; ii) recombination occurs within
the cell; or iii) there is a decrease in collection probability because of the mechanism that

is being used for collection at a specific wavelength [29].

The total current density can be calculated by integrating the product of the EQE
and the photon flux density. For the standard AM1.5 G solar spectrum, the calculation for

short-circuit current density [30] is
o0 A
Jse = qJ, EQE(A)— E{M>¢(2)dA 2.9)

Where E{M1:5C is the spectral irradiance of the AM1.5 G spectrum, 1 is the wavelength, &

is Planck’s constant, and c¢ is the speed of light.
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Figure 2.8: Typical CIGS quantum-efficiency curve and involved loss mechanisms.

The losses in the current are due to the optical properties of the different layers in
the cell as well as to the electrical defects in the absorber layer. The different losses in the

QE are shown in Figure 2.8. The following are the losses in the solar cell:

(i) “Reflection™ losses are introduced by partial coverage of the front surface by the

metal contact fingers or by reflection from the material interface. Such losses can

be reduced by depositing a thin anti-reflecting coating.

(i1) “Window” absorption in the short-wavelength region is not significant due to

the high band-gap energy of ZnO/AZO. Free electron absorption in the AZO layer

can lower the quantum efficiency in the high wavelength region. Such losses can

35
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be reduced by thinning the layers. If the thicknesses of the window layers are
reduced significantly there are chances of bad junction between CdS and CIGS,
shunting through i-ZnO layer and reduction in current collection due to increase in
sheet resistance in the AZO layer. So there must be a balance between the optical
losses and the electrical losses.

(iii) “Buffer” absorption is one of the major losses in thin-film solar cells (CIGS).
Reducing the thickness of the CdS or replacing it with a higher band-gap material
such as ZnS would be the possible alternatives.

(iv) “Recombination” losses are introduced due to traps or due to a low diffusion
length of the absorber layer in the cell. The longer the wavelength, the deeper the
generation of carriers and the higher the likelihood of recombination in the cell is.
Such kind of loss can be visualized by measuring the QE under negative biased
voltage.

(v) “Deep penetration” of carrier losses occurred for long wavelength photons due
to incomplete absorption near the band gap of the absorber layer. These losses are
inherent to most of the semiconductor since incident light with photon energy of
hu<E; is not absorbed. This loss can be addressed by increasing the thickness of

the absorber layer or making high quality absorbing materials.
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CHAPTER 3

EFFECT OF ABSORBER THICKNESS ON ULTRATHIN CIGS

FILMS AND DEVICES

3.1 Introduction and motivation

With 21.7% efficiency, Cu(In,Ga)Se: (CIGS) solar cells are the most efficient
polycrystalline thin films solar cells today [5]. In addition to high efficiencies, CIGS thin
film modules exhibit excellent outdoor stability [31-32] and radiation hardness [33-34].
Therefore, the combination of high efficiency with outdoor stability and radiation hardness
makes CIGS a promising material for low cost and high efficiency solar cells. The standard
thickness of the CIGS layer in CIGS thin-film solar cells is 1.5-2 um [35]. If this thickness
could be reduced, with only minor loss in performance, production costs could be lowered.
A thinner CIGS layer would reduce the direct materials usage and so induce low materials
costs. A reduction of materials usage is particularly important for indium and gallium since
the supply of these metals might become an issue if CIGS thin-film solar cells are produced
in very large volumes in the future [36]. The deposition time could also be reduced for
thinner CIGS layers, which would directly lower production costs. However, a reduction
of the absorber thickness is related with a number of problems. Even though the absorption
coefficient of the CIGS material is very high, the amount of light absorbed in the CIGS
layer will decrease with a reduced absorber thickness. When researchers try to reduce the
CIGS layer to around 0.5 um, the devices became electrically shunted which was related
to the roughness of the film, which was of the same order as the film thickness itself [37].

In another case, an increase in the shunt conductance was observed when the CIGS
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thickness was reduced [38]. Another potential problem for thinner CIGS layers is that the
electrons will be generated closer to the back contact with higher probability for back
contact recombination. These factors motivated us to study the effect of a reduced CIGS
absorber thickness on device performance.

Fabricating CIGS solar cells with minimum thickness of the absorber layer has two
key potential advantages over their thicker counterparts: it can reduce production cost by
lowering material consumption and yielding higher throughput, and it can reduce
recombination losses since the electron and holes generated by light do not need to travel
so far. Optically, less than 0.5 pm absorber layer is needed to absorb more than 90% of the
light with Epn > Eg, even without considering reflection of the light at the back contact.
However, the absorber thickness can influence the cell parameters in many ways such as i)
Photocurrent density, Jsc reduced due to decrease in collection length ii) the effect of back
contact (BC) recombination can increase and iii) local generation rate may be increased in
case of a highly reflecting back contact such as ZrN, thus increasing Voc. In ultrathin CIGS
solar cell, light spectrum can either be absorbed within the BC layer or they can be reflected
from it. The reflected light from BC again can be absorbed during the second light pass
through the ultrathin CIGS layer or transmitted out from the device. So a reduced absorber
thickness must be compensated by an improved BC reflectance and a reduced BC
recombination since light absorption depends upon the reflectance and absorbance of the
BC layer.

In our case. solar cells with thick CIGS layer (~ 2 um) were fabricated with the

following standard structure: glass/Mo/CIGS/CdS/ZnO/ITO/grids by co-evaporation



39

processes and the thickness of the absorber layer was then gradually reduced to observe its

effect on the device parameters.

3.2 Ultrathin CIGS Review

The concept of thinning the Cu(In,Ga)Se; (CIGS) layer is of great interest and has
already been explored by several researchers [36-39]. The potential advantages of this
concept derive from the reduction of cost and usage of materials (especially indium and
gallium) and the increase in production throughput. In a standard CIGS device, the absorber
thickness is typically 2 um. Thickness of the absorbing layer reduction down to 0.4 um
would save 75% of the semiconductor material by considering the same yield and the
deposition time would be four times shorter by keeping the same deposition rate. The recent
significant achievements for producing ultra-thin cells with good performance are shown
in Figure 3.1. More recently, recorded best CIGS solar cell [5] (blue diamond in Figure
3.1) have shown significant improvement in voltage and fill-factor. The thin films of the
recent ultra-thin devices are smoother, making it possible to produce 0.5 pm or thinner
devices. The thinnest device (0.15 um) with remarkable performance [39] is 5 % efficient.
The best 1 um CIGS device [8] has achieved efficiency of 17.1 %, which is only 4.6 % less
than the record CIGS solar cell [5]. Even though the thin CIGS solar cells have shown
remarkable improvement in open circuit voltage (Vo) and fill factor (FF), current reduction
still remains which is the main cause for the thin film solar cells’ lower efficiency. So the
challenge for thinning the absorber with minimal efficiency loss is still open and this
challenge should be mainly directed towards the improvement of the current loss to

improve the thin cells performance.
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Figure 3.1 Review of experimental results of CIGS solar cells with thin absorbers layers (references
mentioned next to the symbols).

3.3 Effect of CIGS thickness

CIGS thin films with various thicknesses were deposited by 1-stage co-evaporation
process. The substrate temperature was maintained at 550°C while the targeted
composition was a ratio of Cu/(In+Ga) = 0.85 and a ratio of Ga/(Ga+In) = 0.25. The
thickness range targeted was from 2.0 um down to 0.5 pm. The results are summarized in

Table 3.1 below.
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Table 3.1: Thickness and composition for the CIGS films deposited with the I-stage process

Thickness Cu In Ga Cu/(IntGa) Ga/(In+Ga)
(1m) (at %) (at %) (at %) W) (x)
1.95 13.6 19.8 7.2 0.87 0.27
1.55 219 225 5.2 0.79 0.19
1.30 22.6 21.5 4.8 0.86 0.19
0.75 20.5 20.2 7.1 0.75 0.26
0.50 20.1 19.2 6.8 0.77 0.26

As one can see from Table 3.1, the thicknesses targeted were achieved while the
compositions were slightly off, with a Cu-poor and Ga-poor tendency. Figure 3.2(a) shows
the XRD patterns of CIGS films with various thicknesses. It was observed that all the peaks
can be indexed by chalcopyrite polycrystalline Cu(Ine 7,Gao 3)Se2 and molybdenum, which
indicates that the CIGS films are single phase. Figure 3.2(b) and 3.2(c) are the XRD fine
scans of the chalcopyrite (112) and (220)/(204) peaks of CIGS films with different
thickness respectively. As can be seen from Figure 3.2(a), all the films tend to be (112)
oriented while the FWHM did not show any specific trend even for the thinner films. This
is confirmed in Figure 3.3 by cross sectional SEM images, where the grain size seems to

be quite large for all films regardless of their thickness.
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Figure 3.2(a) XRD patterns against the CIGS film thickness (b) XRD fine scans of (112) peaks of CIGS films
with different thickness (c) XRD fine scans of (220)/(204) peaks of CIGS films with different thickness

It is known that x-ray diffraction intensity mainly depends on the thickness and
material properties of the thin film. So the thickness of each of the layers must be taken

into account in order to analyze the XRD spectra of the different layers more accurately.
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The ratio of diffraction intensities of a specimen with finite thickness x to material with

infinite thickness is given by [42]

Gx = fgggzdlo = [1 - e~ux(1/sina+1/sinB)] (3-1)

IX=0 dID

For a flat specimen, o = B = 6 and equation 3.1 reduces to
~2ux
G, = (1 - gm) (3.2)

Where o is the absorption coefficient, x is the thickness of the material and 0 is

angle of diffraction.

Since the mass absorption coefficient of a compound is the weighted fraction of the

mass absorption coefficients of its constituents, the expression for the mass absorption

coefficients of Cu(Ing.7,Ing3)Se: is as follows [43].

Meu(5)cu+0.7Mp (B)m+0.3Mgq ()ca+amse (B)se

. (3.3)

(%) Cu(lng;, Gag3)Se, =

Mcy +0.7Mjn, +0.3Mgq +2Mg,

Where % is the mass absorption coefficient of the Cu(Ino 7, Gag3)Sez film, p is the

material density and M is the molar mass. The mass absorption coefficients and molar mass

values for Cu, In, Ga and Se are given in the table 3.2. Hence from equation 3.3, the value

of % for Cu(Ing 7,Gao3)Sez is 117.74 cm?/g. The density of Cu(Ing.7,Gag3)Sez film is 5.692

gem™ [44]. The absorption coefficient y is obtained by multiplying with the density of
Cu(Ing 7,Gag3)Se; to be 117.74*5.692 = 670.17 cm’'. Then, using equation 3.2 and the
calculated values for the absorption coefficients of Cu(Ing7,Gao3)Sez, the ratios of

diffraction intensities Gx for (112) and (220/204) peaks of CIGS films are obtained, as
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shown in table 3.3. It was observed that the values of Gy decrease significantly as thickness
reduces. The values of Gx for the CIGS film with thickness 0.5 pm are only about one-third
of those for the CIGS film with thickness 1.95 um. It clearly indicates that the diffraction

intensity of X-ray will decrease for ultrathin films.

Table 3.2 The Mass absorption coefficients (u/p) values and molar mass values for Cu, In, Ga and Se from
[48].

Element Cu In Ga Se
wp (em’g) 52.7 252.0 63.30 82.80
M (gmol™) 63.54 114.8 69.72 78.96

Table 3.3 Calculated values of the ratio of the XRD peak intensities G, for (112) and G« (220/204) peaks of
CIGS films with different thickness

Thickness (um) 1.95 1.55 1.3 0.75 0.5
Gx(112) 0.675 0.591 0.528 0.351 0.251
Gx(220/204) 0.498 0.421 0.369 0.233 0.162

Gx(112)/Gx(220/204) 1.357 1.402 1.432 1.508 1.547
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Figure 3.3: Cross-sectional images for CIGS films with different thickness deposited by the 1-stage process.
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Transmission and Reflection measurements (Figure 3.4) correlate well with
composition measurements, with a lower band gap for the 1.55 and 1.25 um films, while
one can observe above band gap transmission as expected for the ultrathin films (below 1
um). These transmission spectra also confirm that each of the film with different thickness
has low sub-band gap absorption, which indicates that all these films have minimum

allowed impurities states in the band gap.
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Fig 3:4 (a) Transmission (T) and (b) reflection (R) spectra CIGS films with different thicknesses

CIGS solar cells were then fabricated for the 5 different thicknesses with the
following standard structure: glass/Mo/CIGS/CdS/ZnO/ITO/grid. Cells with total area of
0.50 cm? were defined by mechanical scribing. The efficiency of the completed device was
extracted from J-V measurements under 100 mW/cm?, and the currents confirmed by QE
measurements under white light bias. Results for the devices are reported Table 3.4 and
Figure 3.5. One can observe that the current and voltage are roughly constant as thickness
reduced from 2 um to 1.3 um, while decreasing for 0.75 pm and 0.5 pm as shown in Figure

3.5. Similar trend of reducing the solar cell parameters was observed for the solar cells with
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CIGS thickness below 1 um [40]. The decrease in absorbance in long wavelength with
decreasing the CIGS thickness would be the main reason of reducing Jsc [40]. As we can
see in Figure 3.5 (right), there is the reduction in QE as thickness of CIGS is reduced. It
was found that the reduction of QE is more than the reduction of absorbance in the short
wavelength, which would be due to the electrical loss mechanism such as enhancement of
the series resistance and recombination of photoelectrons in back contact [41]. The
decrease in V. as absorber layer thinned down below 1 pm could be due to the increase in
shunt conductance with reducing CIGS absorber layer thickness. The reduction in FF is
also probably due to an increase in series and shunt conductance. These results will
therefore be analyzed in the next section fér enhanced understanding and to allow

designing new experiments.

Table 3.4 Solar cells parameters for CIGS solar cells deposited by 1-stage process with various thicknesses

Thickness Voc Jse Jie fromQE  FF Efficiency
(um) V) (mA/cm?) (mA/cm?) (%) (%)

1.95 0.52 28.8 28.5 61.3 9.2

1.55 0.55 27.6 28.5 66.0 10.1

1.30 0.52 289 28.6 68.5 10.3

0.75 0.50 254 25.0 70.0 8.9

0.50 0.44 22,5 21.0 56.6 5.6
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Figure 3.5: J-V measurements and Quantum Efficiency (QE) of devices fabricated by 1-stage process from
Cu(In,Ga)Se; thin films with different thicknesses

3.4 Numerical Analysis of Ultra-thin Cu(In,Ga)Se; Solar Cell

3.4.1 Introduction and Motivation

A numerical modeling is a theoretical construct representing the real processes and
parameters that influence them. Numerical models have become increasingly important
tools to test the viability of proposed physical explanations and to predict the effect of
changes in material properties and geometry on the solar cell performance. These models
have become indispensable tools in order to design any kind of efficient solar cell. They
can help the better understanding of cell operation and provide the manufacturers
additional guidance to improve the product performance by optimizing their design. A
good model, where only the most important parameters are considered, is a good
representation of a real phenomenon and helps to enhance our understanding. As our
understanding has increased, so has our increased need for complex models in order to

provide the sufficient realistic descriptions of their operations. This added complexity has
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exceeded our ability to solve the problems in analytical way. As a result, we need to have
numerical solutions to avoid unrealistic assumptions to get the proper solutions. Carefully
constructed models provide the need to push cell efficiency toward the absolute limit by
optimizing the existing designs and compromising it with competing design proposals. A
schematic of the numerical modeling for the best solar cells performance is shown in Figure
3.6. Once the cell is fabricated, complete characterization is needed to determine the losses.
Careful analysis of characterization curves leads to hypothesis of where these losses come
from. Numerical modeling tools can support the hypothesis and explain the physical
mechanism behind these losses. In solar cells, numerical solution tools allow the inclusion
of important materials characteristics such as mobility, life time and band-gaps which
would predict the quantitative impact of changes in material properties on solar cell device
performance and suggest better way to change the optimized deposition process and
improve overall cell performance. It is clear that numerical modeling is a valuable
technique to improve the solar cells performance but interpretation of modeling results

needs to be done carefully.

The experimental results for ultrathin CIGS solar cells (as shown in Figure 3.5)
indicates that the efficiency drops not only due to the decrease in Js, which is expected
since the absorber layer gets thinner, but also due to decrease in Vo, and FF. The
degradation of the overall performance of the ultrathin CIGS solar could be due therefore
to the combination of reduction in thickness of the absorber layer as well as the presence
of impurities in the absorber layer. It was found that the bulk defect in the CIGS absorber
layer can affect the entire solar cell performance [32]. A deep defect, which lies in the

upper part of the energy gap (0.8 eV from the valence band), was found to have a very
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significant influence on the CIGS solar cells performance [36]. One of the purposes of this
simulation is to help us increase the efficiency of the ultrathin CIGS solar cells by

understanding the influence we can have on the defects within the band gap of the CIGS.
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Y 4
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Loss analysis Physical description

3

Numerical modeling

Figure: 3.6: A schematic of the numerical modeling to improve solar cells performance

3.4.2 Effect of CIGS Thickness

There are several software programs that have been written with a specific purpose
of modeling solar cells. All of them have different unique features and limitations but they
have the same basic principles. In this work, wx-AMPS [45] and SCAPS [46] have been
used for the solar cell simulation. One advantage of SCAPS-1D over wxAMPS-1D is its
capacity to simulate capacitance-voltage (C-V) and capacitance-frequency (C-F)

characteristics. Inclusion of interfaces between layers is another advantage of SCAPS in
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comparison of wx-AMPS. On the other hand, wx-AMPS has better plotting options, and it

can perform multiple simulations at the same time.

3.4.3 Basic Concepts

The main equations of carrier transport in the semiconductors are Poisson’s
equation and the carrier continuity equations. Poisson’s equation is mainly for the
distribution of the electrical field inside the device whereas continuity equations for
clectrons and holes are basically the conservation equation of carrier currents. Wx-AMPS
was mostly used in this work so its principles will be explained in details. In wx-AMPS,
the steady state band diagram, recombination profile and carrier transport are estimated in
one dimension based on the Poisson’s equation and the hole and electron continuity

equations. The Poisson’s equation is [31]

d

2 (—e(0)ZE) = qlp(x) — n(x) + NF () = Ny () +pe () = ne(®]  (3.1)

where, y is the electrostatic potential, n, p are the concentrations of free electrons and
holes, n; and py are the concentrations of trapped electrons and holes, N and N; are the
concentrations of ionized donors and acceptors, €is the dielectric permittivity of

semiconductor, and q is the electron charge.

The charge transport process of an electronic device is derived by the continuity

equation for the holes and electrons. The continuity equations for holes and electrons are

[31]
dpn __ _ K_ @_71 3%pn . Pn=Pno
Fr Pnlp ax I»lpf dx + Dp ax? + Gp Tp (3.2)
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Tn

Where ¢ is the electric field, G is the generation rate, D is the diffusion coefficient. All
these parameters are a function of the coordinate position x. In this work, only steady state

solutions are considered and hence:

%:()and %-_—0 (3.4)

The light intensity decreases exponentially with penetration into the material. The
generation rate, which gives the number of electrons generated at each point in the cell, is
highest at the surface of the material, where the majority of the light is absorbed. It is

proportional to the remaining light intensity. So the generation rate G(x) equals:

G ()= - L2 = q(x,) e =% (3.5)

Where I(x) is the light intensity at the point X, X. is the point on the top of the particular
layer and o is the absorption coefficient. The electrical potential (@) and the carrier
concentrations (n and p) or, alternatively, the potential (®) and the quasi-Fermi levels for

electrons and holes (Era and Erp), are the unknown variables in the solar cell simulation.

3.4.4 Base Line Parameters for CIGS Solar Cells

Numerical modeling of CIGS solar cells is an efficient way in order to verify the
viability of created hypothesis depending on the physical explanations and to predict the
effects of these physical changes on the solar cell performance. Well-known input
parameters should not be changed in any case, whereas input parameters that have only
marginal effect on the output tested are kept constant. The remaining parameters should be

available for further fitting purposes. Important guidelines that should be considered while
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assigning input parameters for numerical simulations are discussed below and then baseline

parameters for CIGS solar cells are proposed.

3.4.5 Base Line Parameters for CIGS Solar Cells

3.4.5.1 Front and Back Contact

The formation of stable, low resistance and non-rectifying contacts is critical for
the performance and reliability of solar cell devices. The reflection at the back contact has
noticeable influence on the achievable short-circuit current density (Jsc) for ultrathin CIGS
solar cells. In general, simulation tools support a constant multiplicative reflection factor
for the front surface (i.e. RF = 0.1, 10% reflection) which decreases the quantum efficiency
(QE) by this fraction. If interference effects are neglected, QE curves show a fairly flat
response at intermediate wavelengths of ~ (1 - Rf). Surface recombination can have a major
impact on J as well as V. in the solar cells. The surface recombination velocities at the

top and rear contact are chosen to be equal to the thermal velocity.

3.4.5.2 Solar Cell Material Parameters

The minority carrier diffusion length is the average distance a carrier can diffuse
from its point of generation until it recombines with the majority carriers. The relation

between diffusion length and carrier lifetime is given by:

L= Dt (3.6)
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Where L is the diffusion length, D is the diffusivity and 7 is the lifetime of the carrier. The
baseline value of electron lifetime for CIGS is 1.6 ns, which is slightly lower than the
values used for standard CIGS (XX ns) since this work mainly deals with thinner cells,

which may have higher defects density than the standard thickness (2 um) [32].

The relation between diffusion constant D and carrier mobility p is given by the

Einstein equation:

D= kTTu (3.7

Carrier mobilities for polycrystalline material should be chosen lower than the values
reported for crystalline materials [2]. Effective masses for direct band gap materials are m;
= (0.2m, for electrons and my, = 0.8m, for holes. The ratio of the carrier mobilities, pe/pn
should be approximately proportional to the ratio of the effective masses, my/my, [2]. The
reported values of electron mobilities for single crystal CIGS is in the range of 90 and 900

V/cm?-s [33]. The value of electron mobility used in this study is 100 V/cm?-s.

The effective densities of states in the conduction and valence band can be

calculated using the following equation:

2emegkT

3.8)

If temperature dependent simulations are needed, the direct temperature dependence in N¢
and Nv should be taken into account. Carrier concentrations can be determined by Hall

effect measurement. The typical carrier concentration for CIGS is in the order of 10' cm™,
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3.4.5.3 Defect States

Schockley-Read-Hall (SRH) model is being used in most of the numerical
simulators to describe carrier recombination currents. It is recommended to assign
recombination defect states in a narrow distribution close to the middle of the band gap,
since variations of the energetic defect distribution show negligible effects on the output.
A defect state can change its state of charge only by one electronic unit of charge in SRH
formalism [34]. So one can make the following distinctions: An acceptor-like (donor-like)
defect state is able to accept (donate) one electron. The two possible charge states for
acceptors (donors) are negative and neutral (positive and neutral). It always follow that free
holes (electrons) will be coulomb-attracted to ionized acceptor-like (donor-like) defect
states, whereas electrons (holes) will have no strong interaction with the acceptor-like
(donor- like) defects giving very small electron (hole) cross-sections. An attractive cross-
section is assigned corresponding to a radius at which the coulomb potential energy of the

carrier in the field of the charged trap equals to kT [32].

qt

Ogrt = TomelRiTZ ~ 10713 - 107 12¢m2 (39)

Neutral cross-sections can range between 107'® and 107° cm’. Smaller values will be

reasonable if transitions are unlikely or to compensate for strong field effects.
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3.4.5.4 TCO/CdS/Cu(In,Ga)Se; solar cells

CIGS solar cell mainly consists of three layers: n-ZnO Transparent contact, n-CdS
window, and p-CIGS absorber. A single deep donor (acceptor) trap is used for the CIGS
(CdS) layer. The high defect density in the CdS layer is responsible to generate the typical
superposition failure in CIGS solar cells. Besides the band alignment, device performance
is essentially independent of ZnO and only weakly dependent on CdS parameters. Most
CIGS parameters have significant influence on solar cells performance. The mobilities for
CIGS layer are assigned a factor of three below crystalline material values. For the effective
masses in all layers, the default values of 0.2mo/0.8m¢ were used. The optical reflection at
the front surface of the solar cell is taken to be 5% whereas the optical reflection from the
back contact is set at 80%. The influence of the series resistance and shunt resistance are
not taken into consideration for this simulation. The AM 1.5 solar spectrum is used during
this simulation and the temperature is set at 300K. Base line case parameters are shown

in Table 3.6.

Figure 3.7 shows a J-V curve of experimental and simulated data for the ultrathin
CIGS solar cell with thickness 0.75 pum for our baseline. The ultrathin CIGS solar cell (0.75
um CIGS) performance parameters such as open-circuit voltage (Voc), short-circuit current
density (Js), fill factor (FF) and efficiency from simulation and experimental results are
shown in Table 3.5. The agreement between experiment and simulation is good for the J-
V curve and validates our set of parameters as a baseline for simulating the influence of
thickness variation of the absorber layer on the solar cell performance. In the simulation,
the grain recombination boundaries have been taken into account by increasing the bulk

defect density. The properties of the other layers in the solar cell are kept constant in order
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to obtain qualitative information on the effect of the absorber layer thickness on the solar

cell electrical parameters. The band gap of the CIGS absorber layer is also kept constant at
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Fig 3.7: Comparison between the J-V curves for the simulated and the experimental result for 0.75 um CIGS
solar cell.

Table 3.5 Results from simulation compared with experimental results for 0.75 um CIGS solar cell.

Voc Jse FF Efficiency
%) (mA/cm?) (%) (%)
Experimental 0.50 25.4 70.0 8.9

Simulation 0.52 25.7 69.5 92




Table 3.6: CIGS baseline parameters taken for the simulations
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General device properties Front Back
Oy (eV) Opn=0 Opp=0.2
Se(cm/s) 10 107
Sh(cm/s) 107 107
Reflectivity 0.05 0.8
Layer properties AZO Zn0O CdSs CIGS
T (nm) 300 200 50 2000
&/ & 9 9 10 13.6
He (cm?/Vs) 100 100 100 100
Hh (cm?/Vs) 25 25 25 25
Np/a (cm™) Np: 10'8 Np: 10'® Np:10'8 Na:10'6
Eg (eV) 3.3 3.3 2.4 1.15
Nc¢ (em™) 22108 22108 22108 2.210'
Nv (cm™) 1.810" 1.8 10" 1.8 10" 1.8 10"
Defect States AZO ZnO CdS CIGS
Nbac,Nac(cm™) D: 10" D: 10" A: 10" D:10'-10'6
Ea, Ep (eV) Mid gap Mid gap Mid gap Mid gap
W (eV) 0.1 0.1 0.1 0.1
e (cm?) 10712 10" 10" 51013
on (cm?) 101 10713 10712 10713
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3.4.6 Parameters Affected by the Thickness of the CIGS Absorber

Various thicknesses of the CIGS absorber layer were simulated to investigate their
effect on CIGS based solar cells properties. The solar cell structure used was ZnO:Al/i-
ZnO/CdS/CIGS. We studied how the absorber layer thickness, hole density and band gap
influence the short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF)

and efficiency of the solar cell.

3.4.6.1 Effect of CIGS Absorber Layer Thickness on the Solar Cell
Parameters

The standard thickness of the CIGS absorber layer is about 2 um. CIGS absorber
layer with various thicknesses, varying from 1.95 pm to 0.5 pm, were incorporated into
the numerical simulation. The parameters of the other layers were kept constant.

We observed that all of the electrical parameters (Jsc, Voc, FF and efficiency)
decreased for thicknesses below 1 um. The short circuit current density (Jsc) was the most
affected due to the increasing transparency of the thin CIGS layers and to the
recombination at the interface between the absorber layer and the back contact {35]. For
ultrathin absorber layer, short wavelength penetrates deeply into the absorber and generates
electron-hole pair near the back contact, which is the critical area for the recombination,
resulting in the decrease of the current density. This recombination at the back contact also
has a great effect on the Vo and the FF.

However, the reduction in thickness itself was not enough to obtain a good
agreement between our experimental results and our simulations. We also had to introduce

a variation of the bulk defect density to allow for a better fit. As we mentioned earlier, in
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