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ABSTRACT

INVESTIGATIONS INTO B-O DEFECT FORMATION-DISSOCIATION IN
CZ-SILICON AND THEIR EFFECT ON SOLAR CELL PERFORMANCE

by
Prakash M. Basnyat
About 30% of the total market share of industrial manufacture of silicon solar cells is
taken by single crystalline Czochralski (CZ) grown wafers. The efficiency of solar cells
fabricated on boron-doped Czochralski silicon degrades due to the formation of
metastable defects when excess electrons are created by illumination or minority carrier
injection during forward bias. The recombination path can be removed by annealing the
cell at about 200° C but recombination returns on exposure to light.

Several mono-crystalline and multi-crystalline solar cells have been characterized
by methods such as laser beam induced current (LBIC), Four-Probe electrical resistivity
etc. to better understand the light induced degradation (LID) effect in silicon solar cells.
All the measurements are performed as a function of light soaking time. Annealed states
are produced by exposing the cells/wafer to temperature above 200° C for 30 minutes and
light soaked state was produced by exposure to 1000 W/m? light using AM1.5 solar
simulator for 72 hours. Dark I-V data are analyzed by a software developed at NREL.

This study shows that LID, typically, has two components- a bulk component that
arises from boron-oxygen defects and a surface component that appears to be due to the
SiNx:H-Si interface. With the analysis of dark saturation current (Joy), it is seen that the
surface LID increases with an increase in the q/2kT component. Results show that cell
performance due to bulk effect is fully recovered upon annealing where as surface LID

does not recover fully. This statement is also verified by the study of mc- silicon solar



cells. Multi-crystalline silicon solar cell has very low oxygen content and, therefore,
recombination sites will not be able to form. This shows that there is no bulk degradation
in mc- Si solar cells but they exhibit surface degradation. The results suggest that a
typical Cz-silicon solar cell with an initial efficiency of ~ 18% could suffer a reduction in
efficiency to ~ 17.5% after the formation of a metastable defect, out of which ~ 0.4%

comes from a bulk effect and ~0.1% is linked to a surface effect.
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CHAPTER 1

INTRODUCTION

Even though solar cells hold great promise for use as an environmentally friendly
renewable energy source, they are not free from their own problems. The problems
remain as unresolved technical issues some of which are quite significant and need to be
resolved. One of the issues is degradation in efficiency. Efficiencies of silicon solar cells
decrease over time because of several factors which can affect the reliability and
performance of the cells. Some of the factors which might cause them to perform poorly
are due to thermally produced stresses because of diurnal and seasonal temperature
variations, oxidation or corrosion produced by humid air etc. These causes are taken into
consideration during encapsulation of the cells [1, 2]. It is widely known that the light
induced degradation of solar cell is a serious problem. Crystalline silicon solar cells
exhibit changes in cell performance upon exposure to light.

Single crystalline Si-solar cells made from Czochralski (CZ) wafers show
degradation in the presence of light, but the silicon solar cells made from Float-zone (FZ)
wafers do not show such effect. The main difference between CZ and FZ single
crystalline silicon is the amount of oxygen they contain. In CZ wafers, presence of

> and that in FZ wafer is less than 1x10'

oxygen is more than 1x10' atoms/cm
atoms/cm’. This indicates that the light induced degradation in CZ grown silicon solar
cell is linked with oxygen. Also, silicon solar cells developed using CZ wafers, doped by

acceptors such as gallium, do not show degradation in their electrical characteristics.

Only boron doped CZ wafers show the LID effect. This confirms that the LID effect in



single crystalline Si solar cells made from CZ wafers are related to boron and oxygen
complexes. Active p-type material of the cell degrades by the interaction of boron-
oxygen complexes formed due to charge carries generated by the effect of light [3].

Light induced degradation of crystalline silicon solar cell is characterized in n+/p
cells by a time dependent reduction in cell parameters. The reduction is observed either
when the cells are operated at open circuit under illumination or operated in the dark
under forward bias conditions [4, 5]. In both the cases, the formation of metastable
recombination centers takes place which is related to the boron and oxygen content in the
base material of crystalline silicon solar cells. The energy level of the light induced
recombination center is relatively close to the middle of the silicon band gap [6, 7].
Because of boron-oxygen related defects, bulk carrier lifetime decreases until a stable
level is reached.

Light induced degradation of crystalline silicon solar cells, fabricated on low iron
substrates, can be recovered by annealing them at a temperature of 200 °C for about half
an hour. The recombination path can be removed upon annealing, which causes
dissociation of the B-O complex. The degradation of lifetime of the wafer is thought to be
fully recoverable after annealing and it should bring all the solar parameters back to their
initial states. The degradation, produced both by illumination and by using forward
voltage, suggests that the time constant of the degradation and reactivation of the
responsible recombination center, is not dependent on illumination but excess charge
carriers. All these effects have important practical disadvantages in commercial terms and

a more satisfactory solution would be to understand the formation mechanism of the



defects that are responsible for the degradation and eliminate them in conventional CZ

and cast material.

1.1 Motivation

The effect of light induced degradation (LID) in Czochralski silicon solar cells has been
reported in the literature as early as 1973 [8]. In the following years, several attempts
were made to develop a defect model to explain observed lifetime instabilities in boron
doped CZ- silicon solar cells. Experiments show that, if both boron and oxygen are
present in more than limited amount in silicon wafer, only then prolonged illumination
reduces the minority carrier lifetime. The light induced degradation is attributed to a
reduction of the minority carrier lifetime as a result of the formation of highly
recombination-active boron oxygen complexes under carrier injection. Various defect
models have been proposed in the literature. The first defect reaction model proposed
which did not involve any metallic impurities was B;O; model [9]. The important feature
of this model was the formation of a defect pair composed of one interstitial boron and
one interstitial oxygen atom (B;O;) during illumination of CZ silicon. Since energy
determined by deep level transient spectroscopy for B;O; did not match with energy level
of light induced boron-oxygen center, Schmidt and Cuevas proposed a new core structure
consisting of one substitutional boron atom and several interstitial oxygen atoms [10].

Bourgoin et al. proposed a possible atomic configuration of the boron-oxygen
complex in which the By atom is surrounded by three O; atoms [11]. Based on the
measured normalized defect concentration as function of boron concentration [Bg] and
oxygen concentration [O;], Schmidt and Bothe proposed a defect model involving

interstitial oxygen dimers (Oy;) [12]. In this model, fast diffusing oxygen dimers are



captured by substitutional boron to form a Bs-O,; complex, which acts as a highly
effective recombination center [13].

Even for one substitutional boron and interstitial oxygen dimers defect model,
researchers have proposed several types of oxygen dimers in trying to relate the
clustering of oxygen to the formation kinetics. Some of them are: staggered oxygen
dimers, skewed dimers and double Y-lid dimers [14, 15]. Almost all models assume an
oxygen containing fast diffusing species with a low activation energy for migration.
Diffusion of oxygen dimers through silicon depends on the orientation of both dimers as
well as silicon crystal [16].

It is shown that the substitutional boron atom which has trapped an oxygen dimer,
B;-O,;, exhibits a charge driven bistability. The two most stable structures are square form
of Bs-Oy; (BsO»; sq) and staggered form of Bs-O,; (BsOyist) [17]. Calculations later
showed that, under light, transition from squared dimer to staggered and vice-versa (sq
—>st) takes place in an efficient way [18]. Recently, it is found experimentally that the
saturated concentration of B-O complexes is proportional to the staggered Oy
concentration in CZ silicon samples [19]. In spite of many models, some of the
fundamental questions are left still unanswered: (i) How do electrons and holes
recombine through the BO,; complex? (i1) Why is the B;O,; complex a more effective
recombination center than the uncomplexed O, dimer? (ii1) What explains the observed
light induced BsO,; formation kinetics? A comprehensive understanding of the physical
mechanism of light induced degradation of B-doped Cz silicon solar cell is still to be

found.



Light induced degradation is a current topic in silicon solar cell research and is
studied by a rather small number of research groups, using relatively small sets of
samples [20-22]. Consequently, there is a large diversity in the results reported in the
literature, and the details of cell degradation and recovery mechanisms are sketchy. For
example: (i) Reported degradation in the efficiency of the cells fabricated on the wafers
of about same resistivity ranges between 0.5 and 1.5% absolute (up to 10% relative) [13,
23, 24]. (ii) It is believed that LID can be fully recovered upon annealing [8, 22]. (iii)
There is a vast difference in temperature-time performance for recovery by thermal
annealing, for example, 350 °C for 10 minutes [9], 200 °C for 30 minutes [17, 25], 200
°C for 10 minutes [26], or 820 °C for 8 seconds [27].

Researchers who worked on LID effect of silicon solar cells are claiming that LID
is either by boron-oxygen complexes or by iron-boron complexes [28, 29]. Main
objective of this research is to see if there is another component in LID other than B-O
complex in CZ silicon solar cell containing low iron. One issue that has not been
addressed to date is that a finished solar cell has a multilayer structure, and that is also
possible to have some degradation at the interfaces upon illumination. In particular, it is
known that the SiN:H/Si interface has defects and a strong positive charge accumulation
that can be affected by light [30, 31]. Hence, LID is expected to have an interface/surface
component, if ionization of this charge occurs or if there is an increase in the density of
interface states, Dj;.

Recently, much effort has been put into mitigating light induced degradation,
since LID causes severe efficiency loss even during one day of solar illumination. Up to

now, electrical and structural characteristics of the B-O trap are not fully understood.



Thus trap formation and annihilation mechanism need to be further investigated to find

the conclusive explanation of the effect.

1.2 Statement of the Problem

Because of the growing population of the world and change in lifestyle, worldwide
demand for electrical energy is increasing day by day. But the conventional sources of
energy such as coal, natural gas, oil etc. have limited reserve. Burning of the fossil fuels
is resulting in significant increase in carbon dioxide (CO;) and other greenhouse gases in
the environment. The earth is being pushed to the state of high CO; concentration leading
to high pollution and potential global warming. If the fossil fuel is used at the same rate
as being used now, warming of the earth over the next 40-50 years could have
devastating effect on sea levels, climate, agriculture and economic developments.

One method of weaning away from the fossil fuel is to use alternative renewable
energy to produce fuels and electricity. Among the various alternatives, photovoltaic
(PV) or solar electricity offers a unique opportunity to solve the energy and pollution
problem at the same time. Photovoltaics represents one of the evolving sources of energy
in which sunlight is directly converted into electrical energy by using semiconductors that
exhibit the photovoltaic effect. Solar energy is free, unlimited, and not localized in
specific part of the earth. Solar cells have numerous advantages such as reliability, long
lifetime, silence, flexibility, relatively low maintenance cost, pollution free operation are
few to name.

Photovoltaic power generation employs solar panels composed of a number of
solar cells made from photovoltaic materials. Materials currently used for photovoltaics

includes crystalline silicon (mono and multi), amorphous silicon, cadmium telluride



(CdTe), copper indium gallium selenide/sulphide (CIGS), organic/polymer thin films,
single junction III-V cells and multi-junction cells. Crystalline silicon (c-Si) based
photovoltaic technologies are the major part of the energy market today and will occupy
an increasingly prominent role in the future. They are the most mature of all PV
technologies and compare successfully against other competitors. This is shown in Figure
1.1, with c-Si solar cells contributing 81% of the world’s market, while other PV
technologies are in single digits [32]. However, contribution of solar cells to the total
energy supply of the world is a small fraction [33]. This is because of the cost of
generating electricity from solar cells. Solar electricity is still more expensive than most
of the other forms of small-scale alternative energy production from conventional fossil

fuels [34].

m Standard Crystalline Si (75%)
B Super Monocrystalline Si (6%)
= Amorphous silicon (7.5%)

m CdTe (9.5%)

u CIGS(2%)

Figure 1.1 PV cells production in 2011, from [32].

In CZ Si photovoltaic technology, approximately 30% of the costs are in the

crystal ingot, with 20% in wafering, 20% in cell fabrication, and 30% in module



preparation. So the best way of reducing cost of silicon based PV modules is to minimize
the use of the silicon by reducing thickness of the solar cell and reduce the cost of wafer
production techniques involved. It should be kept in mind that cost reducing methods
should not decrease the efficiency of the solar cells.

The theoretical limit of energy conversion efficiency of single junction crystalline
silicon solar cells under one sun illumination is about 31% [35]. Later it was improved in
calculation and found to be 34% [36]. But highest efficiency achieved for silicon solar
cell (FZ) in laboratory is 25% [37]. On the other hand, current industrial cell efficiencies
are only in the range of 15-22% [38]. There is a need for a low cost solution to increase
efficiencies of the commercial cells. Improvements in light trapping in silicon solar cell,
contact formation, surface passivation etc. definitely result in increase in efficiency.

Czochralski silicon has been a dominant source for PV substrates. Almost 30 % of
the PV modules produced currently is based on CZ silicon. But light induced degradation
in boron doped CZ silicon solar cells has been recognized as a significant cause for
minority carrier lifetime degradation during cell operation. The decrease in minority
carrier lifetime due to metastable defect formation during carrier injection reduces
efficiency of the CZ silicon solar cells.

The objective of the research in this thesis is to study B-O defect formation and
dissociation in CZ Si experimentally and their effects on solar cell performance. Up to
now, electrical and structural characteristics of the B-O trap are not fully understood.
Thus trap formation and annihilation mechanism need to be further investigated to find

the conclusive explanation of the effect. This is done by addressing the major efficiency



limiting mechanism in each cell. These studies have been performed using facilities that
are available at the National Renewable Energy Laboratory, Golden, Colorado.

This project proposes to expand upon previous works in the area of B-O defect
formation and dissociation in boron doped Cz silicon solar cells. The influence of light
illumination on open circuit for minority carrier degradation and recovery process in
silicon wafer as well as in silicon solar cells will be studied. The dark I-V characteristics
will be used to calculate series and shunt resistance present in the cells. These two
resistances for different light soaking time will be calculated and their effect on LID will
be explained. Dark I-V characteristics will be used to deduce the saturation current
densities Jo; and Jy, using the two diode model of the solar cell. Increase or decrease in
the values of saturation current densities as a function of light soaking time or annealing
will be explained on the basis of loss or recovery of bulk life time. Contribution of bulk
and surface effect on LID will be separated. For this purpose, degradation produced in the
CZ - silicon solar cell will be compared with their sister wafers. Surface related
degradation is mostly because of the SiN:H-Si interface. This interface is known to have
interface defects and a strong positive charge accumulation that can be affected by light.

Good solar cells must absorb the incident light strongly. By using the spectral
response technique, whether the degradation of silicon solar cell is dependent on infrared
or ultraviolet light or it is independent of the illumination spectra is studied. Ultraviolet
rays are absorbed at the surface of the cell, which will be advantageous to differentiate
between surface and bulk effects. Four-point probe technique will be used to measure the

resistivity of the silicon wafer as a function of light soaking time.
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Cast multi-crystalline silicon is also used for silicon PV. Mc-Si used for
industrial photovoltaic production also contains boron and oxygen. The extent of the
effect of LID on low cost mc-Si is still unknown. Limited information exists on cast
multi-crystalline silicon. LID has been observed on some cast mec-Si with minority carrier
lifetime greater than 5-10 ps [39, 40]. In mc-Si material, lifetime is generally too low to
detect any LID. But there are recent reports on small LID (about 1% relative) in multi-
crystalline Si solar cells [41]. Special attention is given to show whether this small LID

effect in mc-Si is associated with the surface effect or something else.

1.3 Thesis Structure
The main aim of the work presented in this thesis is to investigate the formation and
dissociation of the boron and oxygen related metastable defect in single crystalline CZ
solar cells generated due to excess charge carrier by the effect of illumination or forward
bias in dark. This will help to understand the light induced degradation of silicon solar
cells and the associated major contributors for the loss of energy conversion efficiency.
This thesis has been arranged in the following manner.

Chapter 2 deals with the review of the solar cell fundamentals. Basic equations for
various critical parameters of silicon wafer and solar cells are presented. The physics of
the working of silicon solar cell, related loss of the energy due to reflection from the
surface etc. are also explained in this chapter.

The experimental procedure and techniques used in the course of this work,
together with the description of the instrumentation, are described in Chapter 3. This

includes details of the working principles of XT-10 DC testing system, Concentrator cell



11

flash tester, Quantum Efficiency, Lifetime measurement system, PVSCAN for LBIC
measurement, and four-point probes.

In Chapter 4, a review of light induced degradation in silicon solar cell is
presented to provide the most recent understanding in the field of boron-oxygen related
metastable defects formation. Experimental details of sample preparation along with
important processes occurring during data collection are discussed in Chapter 5.

In Chapter 6, results and discussions are presented. Variation in electrical
properties of the mono-crystalline silicon solar cell as a function of illumination time is
investigated. Formation of defect density and its effect on carrier lifetime of silicon wafer
due to excess charge carriers is given. Based on the observed changes in cell parameters,
a new component of light induced degradation is proposed. This is the first time wherein
the interface effect is considered as one contributor to the LID of silicon solar cells. In
order to verify this claim, light induced degradation of multi-crystalline silicon solar cell

was also investigated toward the end of this chapter.



CHAPTER 2

SOLAR CELL FUNDAMENTALS

2.1 Silicon Materials
Crystalline silicon solar cells are made from silicon semiconductor material, which is
made from SiO,, or sand. It is actually a special kind of sand with a minimum amount of
impurities. Measured by mass, silicon is the second most abundant (27.7% in the earth’s
crust) raw material in the earth [42]. The mining and transport of silicon do not require
high-tech equipment but still use large amount of energy in the form of labor and needs
expensive purification processes.

Silicon is an environmentally friendly material and its waste does not pose any
special problems. It can be easily melted, shaped and formed into mono-crystalline or
multi-crystalline ingots and wafers. High purity silica sand found in several areas around
the earth 1s loaded into huge electrode-arc type furnaces and it is melted at a temperature
of about 1500-2000 °C. During melting, carbon is mixed with silica; this results in
oxygen being removed from the silica in the form of carbon dioxide or carbon mono-
oxide. In this way, molten metallurgical grade (MG) silicon is obtained which is further
treated for the removal of other impurities. MG silicon is reacted with hydrochloric acid
(HCI) to make silicon containing gases (SiCly or SiHCls). These silicon compound gases
undergo some distillation and purification process to isolate the main silicon containing
gas trichlorosilane (TCS), SiHCIl;. Trichlorosilane gas is processed in a plasma reactor

and solidified in the form of solar grade (SG) multi-crystalline ingots.

12
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The solar grade ingots, obtained in this way, are still not good enough for making
solar cells. They are again melted and doped with suitable impurity to obtain high purity
doped ingots from which solar grade wafers are sliced and developed as solar cells.

2.1.1 Single Crystalline Silicon

Single-crystal silicon used in solar cell does not contain grain or grain boundaries. The
material is one crystal. Crystalline silicon has an ordered crystal structure, with each atom
ideally lying in a pre-ordained position. It therefore allows ready application of the
theories and techniques developed for the crystalline material and exhibits predictable
and uniform behavior. It is, however, the most expensive type of silicon, because of the
careful and slow manufacturing processes required. The cheaper multicrystalline or
polycrystalline silicon, and amorphous silicon are, therefore, increasingly being used for
solar cells, despite their less ideal qualities.

Float Zone (FZ) and Czochralski (CZ) grown methods are relatively well known
for single crystalline silicon growth. Because of the large difference in cost premium
(100% or more), at the present time, FZ Si is used for premium high efficiency cell
application and CZ silicon is used for higher volume, lower cost applications.

In the Czochralski method of single crystalline silicon growth, ingots are
produced by melting purified multi-crystalline SG silicon in a special quartz furnace, in
which a long, cylindrical silicon ingot is pulled up from the melt as single crystal silicon.
Usually 30-40 kWh/kg energy is used during single crystalline silicon growth by this
method. For solar cell applications, a calculated amount of boron salt, a p-type dopant is
added in this stage. The ingots, 10-15 cm in diameter and 1 to 2 m in length are grown by

this method. The most cost conscious PV industry has achieved electrical power
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reduction by 40%, argon usage by 50% and productivity increase by 15% by using

improved Czochralski method [43].
2.1.2 Multi-Crystalline Silicon

Multicrystalline silicon refers to the silicon with crystals or equivalent grains separated
by disordered regions called grain boundaries. They are composed of many single-crystal
regions. These single crystal regions (grain) exhibit long-range order. The various grains
comprising a poly-crystalline solid may or may not have their lattices randomly oriented
with respect to one another. The grains can be thought as separate pieces of single crystal
silicon separated by boundaries. There are numerous defects (grain boundaries and
dislocations) which prevent electrons and holes from freely moving across, and
contribute to the recombination process, minimizing the photoelectric effect. If there is
correlation in the orientations of the grains, the material is referred to as being an oriented
polycrystalline solid. Grain boundaries can have a significant influence on physical
properties. For example, they can getter dopants or other impurities, store charge in
localized states arising from bonding defects, and, through the stored charge, give rise to
electrostatic potential energy barriers that impede transport [44].

The techniques for the production of multicrystalline or polycrystalline silicon are
less critical and hence cheaper, than those required for single crystalline silicon. The
grain boundaries reduce the cell performance by blocking carrier flows, allowing extra
energy levels in the forbidden gap, thereby providing effective recombination sites, and
providing shunting paths for the current flow across the p-n junction.

To avoid significant recombination losses at grain boundaries, grain sizes in the

order of a few millimeters are required. This also allows single grains to extend from the
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front to the back of the cell, providing less resistance to carrier flow and generally
decreasing the length of the grain boundaries per unit cell. Such multicrystalline material
is widely used for commercial solar cell production. Multi-crystalline silicon material is
produced by melting SG silicon in a large cube like crucible by directional solidification
or electromagnetic semicontinuous casting techniques [45]. Large (mm to cm in width),

randomly oriented grains (columns), crisscross the bulk.

2.1.3 Silicon Wafer Manufacturing Process

After an ingot is grown, its surfaces must be trimmed off to make it a square ingot by
using ingot saw. The smooth squared block of silicon is then sectioned into square bars of
desired dimensions and variable lengths. High speed wire saws are used to slice the
wafers from the bars. Wafer production is dominated by the use of multiple wire slurry
sawing which uses brass-plated steel wire and silicon carbide abrasive. The wire used for
wafer sawing must be of exceptional quality, with no defects that could cause breakage
during a cut. Wafers are sliced to the desired thickness and removed from the wire saw
with the holders. The wafers are separated and cleaned to remove cutting oils and
abrasive residues left on the wafer surfaces from the slicing process. Additional
inspection and testing procedures are carried out as needed to ensure the quality of the

wafers prior to processing into solar cells [46].

2.2 The p-n Junction
The p-n junction is the integral part of the solar cell operation, since it is where
photoelectric process starts and electric current is generated. A p-n junction is established

when a layer of p-type semiconductor and a layer of n-type material meet together
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metallurgically. The n-region and the resulting p-n junction are created during the
diffusion process by doping the top of the p-type wafer with phosphorous [47].

Positive charge carriers can move in p-silicon and negative ones in n-silicon. If
two electrically neutral p-and n materials are brought together, there is no electrical
impulse (electric field) which could lead to a spontaneous union of the positive and
negative charge carriers. As a result of natural mobility (thermal agitation), however,
holes from the p-side diffuse in the boundary layer into the n-silicon and recombine there
with the electrons. Conversely, there is also a diffusion of electrons from the n-layer into
the p-layer. This process is not kept up long enough for all the free electrons to be
combined with holes or vice versa. As long as the diffusion succeeds, there is an electric
field between the positive donors and the negative acceptors which are no longer

neutralized by increasing diffusion. Figure 2.1 shows the p-n junction.

p-region n-region

1
+ 4+ +

Figure 2.1 Formation of p-n junction showing depletion region.

The resulting charge field is now so directed that it counteracts the combination,
that is, the straying of the electrons towards the p-silicon and the movement of the holes
toward the n-silicon. Therefore all the holes cannot combine with the electrons.

Equilibrium is produced between the effect of diffusion and the reversing energy of the
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space charge field, i.e., the space charge density is at its greatest. The space charge sets
up an electrostatic field which opposes further diffusion across the junction. At this point,
the Fermi levels of the p and n type layers are equal. The magnitude of the potential step
is equal to the difference between the Fermi level locations on the two sides of the
junction. In other words, the difference in the work function is taken by a step in the
conduction and valence band edges, called the built-in bias (barrier potential) V. The
expression for potential threshold results from the fact that the electrons or holes
remaining behind cannot jump this potential threshold unless energy is supplied in the

form of heat. Figure 2.2 shows the band bending of a p-n junction in equilibrium.
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Figure 2.2 Energy band diagram of a p-n junction solar cell in equilibrium.

The energy difference between the top of the valence band (electron at rest) and
the bottom of the conduction band (electron with extra energy) is known as the band gap.
Different materials have different band gap energy and, that, for silicon is 1.1 eV; this

corresponds to the threshold wavelength of 1100 nm.
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2.2.1 p-n Junction Under Illumination

When photons from sunlight with proper energy impinge on a p-n junction, they
penetrate into the cell material and impact onto the electrons thus transferring energy to
them and breaking the electron hole pairs. This creates free electrons which start moving
around, while the holes from the corresponding electron hole pairs are left in their
original place. Thus n and p regions are then enhanced above their equilibrium values,
and the electron and hole quasi Fermi levels are split. If electron hole pairs are generated
within the depletion region of the p-n junction, the electric field at the depletion region
effectively separates the holes from the electrons which are forced towards the n-type
region and are finally extracted from the cell as electric current. Figure 2.3 shows the
energy band diagram for a p-n junction solar cell, including the generation of the charge

carriers.
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Figure 2.3 Energy band diagram for a p-n junction solar cell showing the generation and
transport of charge carriers.
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Electrons and holes created by the action of light are first elevated to higher
energies. Instead of being collected by external junction and external electrical contacts,
these charge carriers can come back together and recombine in three different ways:
(1) radiatively, giving up the excitation energy in the form of an emitted photon;
(i) nonradiatively through traps, recombination centers; (iii) through excitation of
conduction band electrons to higher levels producing a phonon or lattice vibration. They

are described in detail in Section 2.2.4.

2.2.2 Power Generation
Solar cells are characterized by the power they generate, which is at a maximum when
the current and voltage are at their maximum levels. If the electron in the conduction
band survives the aforementioned recombination processes, it may be collected by the
external circuit to produce a voltage, as it recombines with a hole in the ground state or
valence band. This voltage, generated by the solar cell, is the difference between the
chemical potentials of the electron and the hole in conduction band and valence band
respectively. These are the Fermi levels of holes in p-side, Eg,, and electrons in n-side,
Egn, shown by dotted lines in Figure 2.3.

A combination of maximum current and maximum voltage maximizes the
generated power and is called the maximum power point (MPP) of the cell.

MPP = Inax * Vinax 2.1)

2.2.3 Light Absorption
The number of photons that can be absorbed by a solar cell is determined by the optical
property of the material. There are several fundamental parameters that need to be

considered when characterizing a solar cell material. They are the complex index of
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refraction, the extinction coefficient, the absorption coefficient and absorptivity. Optical
constant of a material is expressed as a complex dielectric function ¢ = g,+ig; or as a
complex refractive index [48]:
n(}) = n(A)+HK(L) (2.2)
The real part of the refractive index, n;, represents the speed of light in vacuum
compared to the speed of light in the medium, and imaginary part, K, corresponds to the
amount of light absorbed as it passes through the material (extinction coefficient of
material) and is responsible for damping of the wave. The extinction coefficient is related
to the absorption coefficient by the relationship:

_ 4K (D)

a(l) >

2.3)

The absorption coefficient, a(A), is critical to solar cell performance, which
describes the decrease in light intensity as the beam of light passes through the material.
If reflection and interference effects are not important in a solar cell structure, then
monochromatic light entering the cell’s absorber at x=0 with intensity Io(A) (photons per
unit area per unit time per unit bandwidth) is expected to have the intensity I(A,x) at some
point x in the material and is given by:

I(A,x) = Ip(M)exp {-a(A)x} (2.4)
Equation (2.4) is known as the Beer-Lambert law [49]. When Beer-Lambert law is valid,
absorption coefficient, a(L), has a very simple interpretation that 1/ a(A) is the absorption
length for light of wavelength A in a material with a(A). It should be pointed out that the
absorption coefficient of a material, although a function of wavelength, is not affected by
the thickness of the wafer, but the optical absorption is a strong function of the thickness

and geometry of the solar cell.



21

The quantum absorptivity is the fraction of the incoming light at a given photon
energy, that is absorbed by the material to produce an excited state such as an electron-
hole pair. Not all the absorption in a solar cell material creates electron-hole pairs.
(i) Photons with energy less than the band gap energy will interact weakly with
semiconductor material, passing through it as if it were transparent. (ii) Photons with just
enough energy to create electron-hole pairs and which are efficiently absorbed to
generate free electrons can produce power as a result. (iii) Photons with energy much
greater than the band gap that are strongly absorbed will not contribute to liberating

electrons because such electrons quickly thermalize down to the band edges.

2.2.4 Carrier Lifetime and Recombination in Silicon

In extrinsic semiconductors, there are thermally generated minority and majority carriers.
They are continuously created and destroyed. The time between the generation and
recombination of an electron is called the lifetime. It varies from a few nanoseconds to
several microseconds depending on the perfection of the crystal and other factors.

Extra electrons and holes can be created by photo excitation. When an external
stimulus is applied to a semiconductor such as light, heat, or voltage, carriers are injected
in excess of equilibrium values. When the light is switched off, the system must return to
a state of equilibrium and the electron-hole pairs generated by the light must disappear.
With no external source of energy, the electrons and holes wander around until they meet
up and recombine. The average time required for these excess carriers to recombine with
each other is referred as the minority carrier recombination lifetime. For silicon, this is
typically 1 ps. Similarly, the carrier diffusion length is the average distance a carrier can

move from the point of generation until it recombines. For silicon, this is typically 100-
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300 um. These two parameters give an indication of material quality and suitability for
solar cell use. This merging of free electron and a hole is called recombination. Any
defects or impurities within or at the surface of the semiconductor promote
recombination. Recombination can occur either at the surface of the semiconductor or
within the bulk of the device. A typical silicon solar cell wafer is 300 um thick. A large
number of the excited carriers can be affected by bulk and surface recombination [50].

2.2.4.1 Bulk. Bulk recombination is characterized by three recombination mechanism
that vary in importance, depending on the following: (i) the level of external stimulus
applied, (i1) the semiconductor band gap type (direct or indirect), and (iii) the amount and
type of impurities present. These mechanisms are Shockley-Read-Hall recombination,
Auger recombination, and radiative band to band recombination. These mechanisms can
occur in parallel; in such case, the recombination rate is just the sum of those for
individual processes. These mechanisms are well documented in the literature [1, 47, 51].
Recombination of excess carriers occurs after an external stimulus (voltage or light) is
applied. Under steady state conditions, the recombination rate is equal and opposite to the
generation rate. When the stimulus is removed, the injected carriers, An, recombine and

the sample reverts to the equilibrium state. Bulk lifetime is defined as:

=22 (2.5)

where, R is the recombination rate, t is the minority carrier lifetime, and An is the excess

minority carrier concentration.
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2.2.4.2 Shockley-Read-Hall Recombination. The most common type of recombination
in the bulk or base of the solar cell takes place via energy levels within the forbidden
energy gap of the semiconductor. It is plausible that the inclusion of atoms that do not
have electron structure of pentavalent or trivalent dopant will give rise to defect levels
with energy levels that need not lie near the edge of the band. They may lie deeper in the
forbidden gap, and are thus called deep defects. These impurity levels trap the charge
carriers, so they are also called trap levels.

Crystalline silicon is an indirect bandgap semiconductor and hence recombination
losses in this material occur largely via defect levels within the band gap. These defects
are located within the volume and at the surfaces of the sample. An electron from
conduction band recombines with a hole in valence band via a defect level within the
band gap. The theory of this mechanism was developed by Shockley and Read [52] and
Hall [53]. It was further developed and expanded later [54, 55]. The theory can be
explained with reference to Figure 3.4. For an energy level corresponding to the trap, four
fundamental processes are possible: (1) An electron is captured by an unoccupied energy
level; (2) an electron is emitted from an occupied level into the conduction band; (3) a
hole is captured by an occupied energy level; (4) a hole is emitted into an unoccupied
state in the valence band. The energy liberated during the recombination event is

dissipated by lattice vibrations or phonons.
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Figure 2.4 Recombination by defect levels.

The equation used to describe the Shockley-Read-Hall (SRH) recombination lifetime is

as follows:
T, (n,+n +An)+7 +p, +
TSRH — po( o 1 ) no(pO pl Ap) (26)
(ny + p, +An)
where,
(Er—E;) _(Er-E;)
n, =n,e 4T;p1 =ne 4T (2.7)
1 1
Ty=————3T,, =— (2.8)
" o, VuNy "o vN,

and ny and py are the equilibrium electron and hole concentration, n; is the intrinsic carrier
concentration An and Ap are the injected carrier concentrations, T,0 and Ty, are the carrier
lifetimes if the trap resides at midgap, vy, is the thermal velocity, o, and o, are the capture
cross section for holes and electron, Nt is the trap concentration, E; is the intrinsic Fermi
level, and n; and p; are the number of electrons or holes in the conduction or valence

band when the Fermi level coincides with the trap energy level, Et [4, 56]. All the above
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equations for SRH recombination have been written for one localized state group at some
energy Er in the energy gap. If gap state distribution is present, there must be
corresponding states for the other gap states at other energies. Therefore, the total SRH
recombination is the sum of all these contributions.

2.2.4.3 Radiative Band-to-Band Recombination. Electrons in the conduction band
return to the valence band, with the release of light energy thus annihilating the same
number of holes. Radiative recombination in silicon solar cells is often neglected because
of its indirect bandgap structure. A photon assisted recombination event is often required
for electrons in the conduction band, E., to recombine with the holes in valence band.
Since it takes three quantum particles to consummate the recombination event, it is a
slow process for indirect bandgap materials, such as silicon, which means indirect
semiconductors should have longer charge carrier lifetime. Figure 2.5 demonstrates

radiative recombination in a direct bandgap semiconductor.
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Figure 2.5 Radiative recombination in direct bandgap semiconductor.

The radiative lifetime, tg, is given by:

1

T = 29
K B(n, + p, + An) 2.9)
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where, band to band recombination coefficient B is 1x10™* cm®/s for crystalline silicon at
300 K [57]. The radiative lifetime in silicon is essentially constant below 10" cm™
injection level.

2.2.4.4 Auger Recombination. An electron in the conduction band will lose a large
amount of energy while recombining with a defect center or a hole in the valence band if
it can transmit this energy to another nearby electron in the conduction band. The second
electron is thereby excited high into the band and can easily return to the bottom of the
band by sequential phonon scattering. This process is called Auger recombination. It was
originally proposed by Beattie and Landsberg [58].  Several types of Auger
recombination are possible depending on either the recombination occuring in an ionized
defect state or in the valence band. The energy set free during the Auger recombination
can be used to accelerate a second electron or a hole. Smaller electron mass is the reason
for a preference for the acceleration of a second electron. Figure 2.6 illustrates these two
processes.

Auger recombination is dominant at high injection levels (>10'" ¢m™) or in

heavily doped regions. Auger lifetime is described by:

P P — (2.10)

2.11)

z-Aug =

cpp2 +c, pAn

for n-type or p-type, respectively [50, 56].
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Figure 2.6 Auger recombination involving (a) a second electron (b) a second hole.

For terrestrially operated one sun solar cells, Auger lifetime is not important in the
bulk or base of the device; however, it is dominant in the emitter and back surface field
(BSF) regions.
2.2.4.5 Surface Recombination. In addition to the bulk recombination via the three
mechanisms mentioned above, carriers also recombine at the surface. Any defects or
impurities within or at the surface of the semiconductor promote recombination. The high
recombination rate in the vicinity of a surface depletes this region of minority carriers.
Therefore, surface recombination rate is limited by the rate at which minority carriers
move toward the surface. At the surface of a semiconductor crystal, the bond structure is
altered and the largest disturbance in the symmetry of the lattice is often observed. A
large number of non-saturated (dangling) bonds exist and give rise to surface states that
act as traps in the forbidden gap, as in SRH bulk defects discussed earlier. There are
processing related surface defects due to dislocations or chemical residues and metallic

depositions on the surface. Surface states are treated in the same manner as SRH traps but
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are present only on a two-dimensional plane. Instead of a recombination lifetime for
minority and majority carriers, a parameter called surface recombination velocity is used
to specify the recombination at a surface. The equation governing the surface

recombination velocity for a single trap (designated by n; or p;) is given by:

SnoSpo(nsps _niz)
Sna(ns +n1)+Spo(ps +p1)

S-An, =U (2.12)

s

with Sy = 6,vinNg and Sy, = 0,vinNg,

S is the surface recombination velocity, Ang is the excess minority concentration at the

surface, Sy, and S, are the surface recombination parameters for electrons and holes, n,

and p; are the electron and hole concentrations at the surface, 6, and o, the capture cross

section for electron and holes, and N is the number of surface states per unit area. [50].
The effective lifetime given by the parallel contribution of four mechanisms for a

given cell width (W) is described by:

—_——t—t—+— (2.13)

The solar cell’s surface area, regardless of the surface finish, is a most critical
area, for it is on or close to it where the photovoltaic effect takes place. The defective
surface area will cause the cells to deteriorate quickly or fail after some time in the field.
In order to properly characterize and analyze the surface parameters, the background
information must be known because S is affected by the doping concentration, surface
orientation (100) or (111), dopant type, diffusion, texturing, and chemical or dielectric
passivation. Surface passivation is accomplished in two ways: (i) by reducing the number
of surface states through deposition or growth of a passivating film (or submersion in a

polar liquid) or (i1) by using field effect passivation that drastically reduces the number of
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electrons or holes at the surface, thereby limiting recombination because both carriers
need to be present. Two of the most successful passivating films for crystalline silicon are
a deposited SiNy film and a thermally grown SiO, layer. Lifetime spectroscopy has
become a very powerful tool in characterizing the trap. Using Shockley-Read-Hall theory
and measured effective lifetime data, a much better understanding of the trap has been

achieved.

2.3 Solar Cells
Solar cell is a large area diode. Electrical charges created by the absorption of light in
semiconductor diffuse at different rates within two types of layers in solar cells and are
eventually collected and separated at the p-n junction. External contacts allow electrical
currents to pass from solar cell to the load. Solar cells are fabricated by using various
semiconductor materials but silicon is uniquely favorable as a photovoltaic material. Not
only it is one of the most abundant elements in the earth’s crust, but its indirect energy
band gap, approximately 1.1 eV at room temperature, is a close match for the photons in

the solar spectrum.

2.3.1 Solar Cell Fabrication

First of all, wafers are inspected visually and with optical equipment. Resistivity of the
wafers is measured by using a four-point probe, and are sorted according to their
resistivity. A sample of the wafers are also tested for metal and organic contaminations,
which determine the quality of the finished solar cells. The wafers that pass all the initial
inspections are cleaned and chemically etched to remove the damage and the oxide

formed on the surface. Single crystalline wafers are treated for controlled chemical
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etching which removes (4-10 microns) pyramid like structures from the wafer surface.
Multi-crystalline wafers are etched with alkaline or acidic solution. The wafers are then
rinsed, dried and stored in special containers for processing.

Dried wafers are placed in a diffusion furnace (900-950 °C). Reactive carrier gas,
POCIs, is used for n-layer diffusion on top of p-layer. This creates a p-n junction in
lightly boron doped wafers. Diffusion process incorporates phosphorous in the wafers
side edges, so it is necessary to remove the dopant with wet chemistry or plasma etch.
Wafers are then etched in a bath of dilute HF solution to remove any oxides formed
during the plasma etch step.

Antireflection (AR) coating (70-80 nm) is deposited via chemical vapor
deposition (CVD), or by spraying the chemicals on the wafer and then baking. The
purpose of AR coating is to reduce the amount of sunlight reflected from the finished cell
surface. Several screen printing steps are used for the metallization on the front and back
of the wafer. Silver paste is printed on top surface as fingers and busbars. When the paste
dries, the back surface is also printed with aluminum paste.

The wafer metalized on both sides runs slowly through IR-heated furnace under
controlled temperature condition. During this process, metal pastes on both sides of the
wafer slowly diffuse into the substrate and makes contact with the p-n junction and the
back surface. Solar cells are inspected and tested at several stages of the process
sequence. Electrical tests are also performed and cells are sent for module preparation.
Schematic of the cross section of a standard p-type silicon solar cell is shown in Figure

2.7.
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Figure 2.7 Schematic of a standard p-type silicon solar cell.

2.3.2 Current and Voltage

The semiconductor p-n junction forms the solar cell. The space charge region is formed
as a result of diffusion of majority carriers across the metallurgical junction, and its width
is fixed when the diffusion is counter balanced by the drift of the carriers in the opposite
direction, thus setting up a compact but strong electric field as the “collecting junction” in
the depletion region. In thermal equilibrium, drift and diffusion current through the
depletion region oppose each other, resulting in zero net current flow.

Using light as an external stimulus allows the p-n junction to behave as follows:
Part of the solar spectrum is absorbed in a semiconductor through the transfer of optical
energy to electrons that are excited into the conduction band, E. creating holes in the
valence band, E,. The electric field in the depletion region helps in separating these
electron-hole pairs, resulting in a voltage or photovoltaic effect.

While discussing the current-voltage characteristics of a solar cell, it has to be
started from the “equilibrium condition” (dark current) of the p-n junction. During this
state, an equal number of electrons created by thermal excitation are destroyed when they
recombine with holes. When a load is present, a potential difference develops between

the terminals of the cell. This potential difference generates a current which acts in the
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direction opposite to the photocurrent. This reverse current is usually called dark current,
I 4ark(V) which flows across the device under a bias voltage. Figure 2.8 shows the
equivalent circuit to analyze the ideal solar cell with short circuit flow of electrons and

holes.
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Figure 2.8 (a) Equivalent circuit of ideal solar cell (b) The ideal short circuit
flow of electrons and holes at p-n junction.

It is constructive to start with simple diode equations that are used to describe the
operation of a p-n junction. The dark current, Iy, is the “leakage” current that flows out a
diode in the dark under reverse bias and is represented analytically by the following

equation:

D D
Iy, = gn? A no4 P 2.14
01 = qn; (LnNA 7 ND) (2.14)

where, n; is the intrinsic carrier concentration, A is the area of the diode, N, and Np are
the ionized concentration of the acceptors and donors, L, and L, are the diffusion lengths

of electrons and holes, q is the electron charge, and D, and D,, are the diffusivity constant
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for the minority carriers. Iy, is primarily a drift current because reverse bias increases the
barrier for diffusion current. On the other hand, forward bias lowers the barrier for
diffusion and the current is largely dominated by diffusion, where,
av
I, =1(e") (2.15)
The total current of an ideal diode can be written as:
vV
I, =1, (" —1) (2.16)

The overall current voltage response of the cell can be approximated as the sum of the

short circuit photocurrent and dark current. Thus net current density in the cell is:

JLV) = Jse = Jdark (V) (2.17)
This becomes,
i
J, =J,—J, (e -1) (2.18)

The term, n, in the denominator of the exponent is called diode quality factor (ideality)
and, for a perfect diode, n is unity.

Figure 2.9 shows the light and dark current-voltage curves for a solar cell. -V
characteristic of an illuminated solar cell lies in the fourth quadrant. For the purpose of
comparison, current voltage characteristic of an unilluminated and illuminated solar cell
are plotted together. Voltages are same in both cases, whereas the current in the
illuminated solar cell is negative, i.e., the solar current flows against the convectional
direction of the forward biased diode.

Some important parameters of a solar cell are described below.
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2.3.2.1 Short Circuit Current. This is the current obtained when the solar cell is short
circuited i.e. there is no voltage at the cell. This current is denoted by I (from short
circuit current). Ideally, if V=0, then I} = Igc. The short circuit current is equal to the
absolute light generated current. Therefore, short circuit current is the largest current
which may be drawn from the solar cell. Short circuit current depends on various factors
such as area of the cell, number of photons absorbed, spectrum of the incident light,

optical properties of the cell etc.
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Figure 2.9 Current- Voltage characteristics of a solar cell.
2.3.2.2 Open Circuit Voltage. The open circuit voltage V. is obtained when no current

is drawn from the circuit. Solving for open —circuit voltage (I=0), one obtains,

V :ﬂln(l—L+l) (2.19)
q 1

oc
0

The open circuit voltage is proportional to the logarithmic of ratio of short circuit

current to dark current; it is the maximum voltage available from the solar cell. To



35

maximize V., the dark current Iy must be minimized. To maximize J., recombination in
the cell must be minimized and light trapping must be maximized.

For each point on the I-V curve, the product of the current and voltage represents
the power output for that operating condition. A solar cell can also be characterized by its
maximum power point, when the product Vi, X Iyp 1s at maximum value.
2.3.2.3 Fill Factor and Cell Efficiency. Terrestrial solar cell efficiency is reported at the
standard AM1.5 global conditions. The measuring temperature is 298 K, and the light
intensity is 1000 W/m® given by zenith cycle of 48°. Cell efficiency is given
mathematically by,

V.J FF
n=—"-— PSC (2.20)

Pi, is the incident light intensity, and the fill factor FF, is the measure of the squareness of

the illuminated curve, given by:

FF = M (2.21)
Voc‘]sc

The maximum power point of the cell is defined as (Vip, Iip); for maximum
power output, the load curve should pass through the maximum power point or the
voltage across the load should be the V,, for optimum performance. The maximum
power output of the cell is graphically given by the largest rectangle that can be fitted
under the I-V curve (Figure 2.9). Photovoltaic panels are usually rated in terms of their

peak Watts (W,).
2.3.2.4 Effect of Parasitic Resistances. Solar cells generally have parasitic series and

shunt resistance associated with them as shown in Figure 2.10. Both types of parasitic

resistance act to reduce the fill-factor. The major contributors to the series resistance (Rj)



36

are the bulk resistance of the semiconductor material, particularly through the front
surface to the metallic contacts and interconnections, carrier transport through the top
diffused layer, and the base and emitter sheet resistance. Series resistance is a particular

problem at high current densities.
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Figure 2.10 Parasitic series and shunt resistance of a solar cell circuit.

The shunt resistance (Rg,) arises from leakage of current through the cell, around
the edge of the device and between contacts of different polarity, p-n junction non-
idealities and impurities near the junction, which cause partial shorting of the junction.
For an efficient cell, series resistance should be small and shunt resistance should be as
large as possible.

In the presence of both series and shunt resistance, the diode equation become:

IR IR
I=1, -1, exp| LR |y |2 IR (2.22)
nkT/q R,

2.3.2.5 Two Diode Model of a Solar Cell. In real solar cell p-n junction, the exponential
relationship between voltage and current density, given by equation 2.16, is never

observed at low voltage in the forward direction. In real solar cells, depletion region
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recombination represents a substantial loss mechanism [59]. Traps located in the vicinity
of the forbidden gap give a dominating contribution to the Shockley-Read-Hall
recombination rate. It is further assumed that the recombination rate is constant across the
space charge region. The resulting recombination rate can be expressed as a

recombination current Ipg in the depletion region:

qV
.. =] 2 -1 2.23
DR 02 {exp( 2ij } ( )

In general, the recombination current in the depletion region is a function of
applied voltage and is not necessarily of single exponential form. Adding this space
charge layer recombination current to equation 2.22 gives the two diode model
expression [60]. Non-ideal diode behavior in a solar cell is typically a result of
recombination in the depletion region, series resistance (Rs) and shunts resistance (Rgp)
and can be described using the following equation:

(V-IR) (V-IR)) —IR
I=1y ey @y VR s (2.24)
sh

where, Iy, and n = 2 are used to describe the recombination in the depletion region. When
a light bias is applied to a solar cell, according to superposition, light and dark currents

oppose each other, and the terminal current is given by:

=1 g = Ligri (2.25)
(V~IRs) (V~IRs) V —IR
I=-1, +{101(eq it —l)+102(eq okt -+ R s} (2.26)
sh

where, V is the terminal voltage, k is the Boltzmann’s constant.
The non-ideal I-V characteristics can further be caused by an injection-level

dependent surface recombination current. It was found that the origin of the non-ideal
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diode behavior of a high efficiency silicon solar cell is a surface recombination velocity
at the rear Si/SiO; interface that strongly depends on the minority carrier concentration
[61]. Figure 2.11 shows the equivalent circuit of a real solar cell, consisting of two diodes
with series and shunt resistance. The reverse saturation current, ly;, is composed of
emitter saturation current, lp., and a base saturation current Iy, or correspondingly, the
emitter and base saturation current densities Jo. and Jo, make up the reverse saturation

current density Jo;.

C,r I \/ Rsh v

O

Figure 2.11 Equivalent circuit diagram for the two diode model of a real solar
cell.

The solar cell equivalent circuit, in Figure 2.11, demonstrates the effects of high
diode saturation current, high series resistance in the circuit, and low shunt resistance on
the output power or the cell efficiency. High series resistance causes power loss because
of the I’R effect. A low shunt resistance (and/or high Ij,) results in FF and voltage loss as
a result of a shunt path through the collecting junction. A low surface recombination
velocity and high bulk lifetime can greatly improve Iy; and solar cell performance, as is

discussed throughout this thesis. Bulk lifetime and surface recombination are important
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for solar cells made from solar grade silicon substrates that suffer from LID and random

grain orientation.

2.4 Cell Design for Loss Minimization

Under laboratory conditions, by using current technologys, it is possible to produce single
crystalline solar cell with efficiency in excess of 24% [62]. However, commercially mass
produced cells are only 19-20% efficient. Efficiency is the major aim for laboratory
research cells, irrespective of the cost and complexity of the processing steps. Laboratory
methods of cell fabrication cannot directly be applied to the industrial production. To
ensure a commercially viable product, industry requires simple techniques, large
throughput, cheap raw materials, large contact area, and large area devices.

The efficiency of a solar cell in converting sunlight into electrical energy is the
single most important factor defining the quality of a solar cell. The efficiencies of real
solar cells have many limitations which, in principle, can be eliminated. These include
losses due to reflection, contact shadowing, series resistance, incomplete collection of
photogenerated carriers, absorption in inactive window layers, non radiative
recombination etc. Even if these losses are completely eliminated, there remain two
intrinsic losses which determine the efficiency of ideal solar cells. The first loss is
because of the inability of a single energy gap solar cell to properly match the broad solar
spectrum. Photons with energy less than the band gap (E,) are not absorbed and photons
with energy greater than band gap generate electron hole pairs which immediately lose

the excess energy [63]. Second loss is due to radiative recombination. All the solar cells
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absorb sunlight and radiate light. The radiative current subtracts from the current
delivered to the load by the cell.

Light shining on a cell can behave in a numbers of ways as illustrated in Figure
2.12. Depending on the nature of the top surface, certain amount of light gets reflected by
the metal grids and by the cell surface. Some are absorbed and be able to produce
electron hole pairs. A fraction of the light gets reflected from the rear contact of the cells.
The light reflected from back surface can also be absorbed to produce electron hole pairs.
The remaining light that enters the cell can be absorbed by the rear contact. To maximize
the power rating of a solar cell, it must be designed so as to maximize the desired
absorption (3) and absorption after reflection (5) as shown in Figure 2.12. Optical and
recombination losses reduce the cell output from the ideal values. Light reflected from
the top surfaces and rear contact of the cell is the optical loss that needs to be decreased
to improve the cell efficiency. Researchers have tried a number of ways to reduce these

losses.
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Figure 2.12 Behavior of light falling on a solar cell. (1) Reflection and absorption at
top contact. (2) Reflection at cell surface. (3) Desired absorption. (4) Reflection from
rear out of cell-weakly absorbed light only (5) Absorption after reflection. (6)
Absorption in rear contact.

The busbars and the fingers are the sources of various losses such as shading
losses, resistive losses and contact resistance losses. Top contact coverage of the cell
surface can be minimized for less shading effect and low contact resistance. By heavily
doping the top surface of the cell (n" region), sheet resistance decreases which ultimately
improves the contact resistance losses.

Reflection of light from the surface of the cell can be decreased by using suitable
antireflection coatings on the top surface of the cell. A quarter wavelength antireflection

coating, that is, transparent coating of thickness d; and refractive index n;, such that

4ot

2.27
4n, ( )

will ideally cancel the light reflected from the top surface by interference effects from the

light reflected at the coating-semiconductor interface, which will be 180° out of phase.
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Reflection is further minimized if the refractive index of the antireflection coating (n;) is
the geometric mean of that of the materials on either side, i.e., glass or air (ng) and the

semiconductor (np), i.e, if:

n, =./n,n, (2.28)

surface reflection can be reduced, in this case, to zero.

Surface texturing can also be used to minimize reflection. Rough surface reduces
the reflection by increasing the chances of reflected light bouncing back onto the surface,
rather than out to the surrounding air. The surface of crystalline silicon can be textured
uniformly by etching along the faces of the crystal planes. An additional benefit of
textured surfaces is that light is obliquely coupled into silicon in accordance with Snell’s
law given by:

n,sin 6, =n, sin 6, (2.29)
where, 0, and 0, are the angles for the light incident on the interface relative to normal
plane of the interface within the medium with refractive indices n; and n; respectively.

High reflection from the rear cell surface reduces absorption in the rear cell
contacts, allowing the light to bounce back into the cell for possible absorption. If the
back surface reflector can randomize the direction of the reflected light, it can be trapped
in the cell by total internal reflection. The possibility of light absorption can be
dramatically increased in this way, since the path length of the incident light can be
enhanced by a factor up to 4n” by such light trapping [64].

The efficiency of utilizing light of higher wavelengths —the red response, can be
improved by adding a back surface field (BSF) to the cell, as a means of reducing back

surface recombination velocity. This is typically achieved by including a heavily doped
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region, such as a screen printed layer of aluminum, at the back of the cell. The interface
between this layer and the relatively light doped bulk region of the cell acts as a low

recombination velocity surface.



CHAPTER 3

CHARACTERIZATION TECHNIQUES

Solar cells that are commercially available in the market are used for the initial
experimental study of LID effect in mono and multi crystalline silicon solar cells. The
mono crystalline cells were <100> oriented, p-type silicon grown on 200 pm thick Cz
wafers. Resistivity of the wafer was 1-2 Qcm. The area of the device was 238.65 cm™.
Electrical characterization such as current-voltage (I-V) curve under illumination,
forward biased dark I-V plots and quantum efficiency are used to test the stability of cells
for varying durations and conditions, e.g. before light soaking, after light soaking or after
annealing etc. Characteristic quantities V., Js, FF, and efficiency were measured as a
function of light soaking time. The experimental procedures and techniques used in this
study together with a description of the instrumentation are described in the following

section.

3.1 XT-10 DC Testing System

Light and dark I-V measurements of the solar cells were performed on an AMI.5
calibrated XT-10 solar simulator as shown in Figure 3.1. This system provides quick and
reliable solar cell efficiency measurements.

The light source is a height adjustable xenon ultra-high pressure lamp, which
gives an almost white spectrum. The high intensities which still occur in some spectral
ranges are reduced by special filters to the extent that a good approximation of the AM1.5

spectrum is achieved. The lamp intensity is set manually by adjusting the current output

44
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of the lamp’s power supply. Ideally, a specially calibrated silicon reference cell has to be

used to set the lamp intensity.
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Figure 3.1 Block diagram of XT-10 solar simulator.

The instrumentation consists of a Keithley 238 Source Measure Unit, a Keithley

619 Electrometer/Multimeter and a computer.

The

source measure unit can

simultaneously source a voltage and measure a current or source a current and measure a

voltage. This obviates the need for independent meters and power supply. Essentially,

there are four probes at the device under test. Two of the probes (one high and one low)

provide both source and measurement connections. The additional two probes (one high

and one low) are the sensor probes.

The current voltage characteristic are measured by monitoring the current from

the solar cell point by point from zero to the short circuit current using an electrical load
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regulator. A computer is used to acquire and store the I-V data, as well as to calculate
standard device parameters such as V., Jg, fill factor (FF) and efficiency (). It also
calculates the current I, and voltage Vi, at the maximum power point. All cell parameters
are thus available, which are required for an assessment of the quality of the cell. The
software has been written in LabVIEW ™. The software offers significant flexibility in
specifying the measurement range for the I-V curves. A negative number in voltage
always refers to reverse bias while a positive number refers to forward bias.

The cell is placed on water cooled, vacuum stage made from oxygen free copper
coated with nickel. A close-loop temperature controller system assisted by Peltier devices
(resistance temperature detectors) placed inside the stage maintains the temperature of the
stage and cell at ~25 °C. Carefully designed series of current and voltage probes, loaded
with springs, are placed on top of the cell along busbars so that probes create minimum
shadow over the cell. The number of current collecting probes increases with increase in
area of the cell. A voltage probe is also placed underneath the cell and the entire back
surface of the cell acts as a current collection probe. Both current and voltage channels
are separated to lower the series resistance losses.

The dark current characteristics, which determine the current voltage
characteristics for the solar cell as a normal diode, can be acquired using the measuring
system described above. For the dark current measurements, a higher voltage (V,) is
required than the open circuit voltage (V) to obtain a current which has the same value
as the short circuit current, because the additional voltage drop at the series resistance

must be overcome.



47

3.2. Concentrator Cell Flash Tester
This equipment is used for the measurement of light and dark I-V characteristics of the
solar cells. This technique is fast in the sense that once it is calibrated, it can be used all
the time unless major changes are made in the set up of the equipment. It uses flash light
to illuminate the cell, which offers one sun or multiple sun (if needed) illumination
intensity over the sample in a short time without significant sample heating.

The flash tester used during this research for IV characteristics study is Sinton
Instrument’s multi-flash system. The equipment consists of a large capacitor (~ 1F),
which is directly connected across the cell and a power amplifier. During the flash, the
capacitor operates as a passive load and maintains a nearly constant voltage across the
cell. The capacitor being large, the charging from the cell current is minimal. Between
flashes, the amplifier changes the bias voltage on the cell and the capacitor. It uses many
flashes to build up the I-V curve, taking only a single I-V point with each flash [65]. A
stationary reference cell (light detector) is used to correct for flash to flash variations.
When using the multi-flash method for characterizing the cell, one flash is required for
the open circuit voltage (Vo). Figure 3.2 shows the block diagram of the components of
flash tester system.

The main advantage of flash tester over continuous illumination tester is that it
can provide high light intensity with good uniformity over large areas. Multi flash
simulator makes use of a flash lamp which produces each 80 ms (adjustable) a light flash
with duration of about 2 ms (adjustable). As the resulting cycle is very small (1:80), the
module under test does not heat up during the data sampling period. Each flash pulse runs

through an array of flash intensities from peak to a minimum determined by the length of
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the data acquisition. During each single light pulse, an electric load sends a current to the

cell under test, and the corresponding voltage is sampled together. The value of the

imposed current is decreased at the next flash until a full set of I-V pairs is obtained.
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Figure 3.2 Block diagram of concentrator cell flash tester.

The instance where the I-V pair is sampled is determined by an adjustable delay

relative to the rising edge of the irradiance of a single light pulse. Usually, the delay

should be adjusted to allow sampling near the peak intensity of light and is triggered after

the irradiance has reached a certain minimum level. When the sampling occurs, the solar

cell under test is stabilized at the current as imposed by the load and at the voltage of its

I-V characteristics at that level. After the flash decays, the electronic load returns to the

ideal state.
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3.3. Quantum Efficiency
Quantum efficiency of a photo sensitive device is defined as the percentage of photons
that are incident on the photo reactive surface that will produce an electron hole pair. The
longest wavelength for which this is finite is limited by the bandgap of the material.
Maximum use can only be made of incoming sunlight if the bandgap is in the range of
1.0-1.6 eV. Thus quantum efficiency is measured over a range of wavelengths to
characterize the device efficiency at various photon energies. Quantum efficiency of a
solar cell is a very important measurement, as it gives information on the current that a
given cell will produce when illuminated by a particular wavelength photon. When
quantum efficiency is integrated over the entire solar spectrum, it gives the current that a

cell will produce when exposed to the solar spectrum [66].
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Figure 3.3 Block diagram for the determination of quantum efficiency of a solar
cell.
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In order to determine this value, the solar cell is illuminated with light from
different spectral regions. The layout of this measuring instrument is shown in the block
diagram in Figure 3.3.

NREL has a QE measurement set up which is based on filter-monochromator
system. The system originally used stepping solenoids that were controlled by digital
logic. An operational amplifier rated at +40 V, 8 A is used as a current to voltage
converter with a computer controlled gain of 50 to 10,000. Insertion of a power supply in
series with the PV device allows bias voltage up to +40 V. When an AC amplifier with a
gain of 1, 10, or 100 is used, the ac signal is typically in the 0.3 to 3 V range, allowing the
ac signal to be measured with an ac voltmeter instead of the traditional lockin amplifier.
The monochromatic beam power is measured with a Laser Probe model 5710 radiometer
with an RKP 575 pyroelectric head and a calibrated Si detector. The monochromatic
power density can be increased by focusing the beam to a smaller spot.

The grating system used is capable of measuring QE of photovoltaic cells from
400 to 2800 nm. The system uses a Laser Probe 5900 electrically calibrated pyroelectric
radiometer (RSP-590/RSV head). Silicon detectors calibrated by the National Institute of
Standards and Technology are also used for calibration of the system. Semiconductor-
based calibrations allow the test and reference signals to be filtered independently to
maximize the signal to noise ratio. The region where the monochromatic light strikes the
sample does not need light bias for the linear QE device. For the nonlinear device,
quantum efficiency is typically measured with bias light simulating reference conditions.
The spectral correction factor for efficiency measurements is calculated based on QE

measurements near 0 V and is assumed to be the same as at the maximum power point.
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This assumption is valid for most of the PV systems and results in negligible error for
amorphous silicon, which has the voltage dependent quantum efficiency.

Also of interest is the spectral responsivity of a solar cell, given by amperes
generated per watt of incident light. Ideally, this increases with wavelength. However, at
short wavelength, cells cannot use all the energy of the photons, whereas, at long
wavelength, the weak absorption of light means that most photons are absorbed a long
way from the collecting junction and the finite diffusion length in the cell material limits

the cell’s response [67]. Spectral responsivity can be calculated as follows:

1 qn gA
R=—*—=—"+%"—="—"QFE 3.1
B he e G-
2

where, n. is the flux of electrons, per unit time, flowing in an external circuit at short
circuit conditions and I, is the short circuit current, ny, is the flux of photons of
wavelength A incident on the cell per unit time, Pj, is the incident light power and QE is
external quantum efficiency. Spectral response approaches zero as A approaches zero,
since there are fewer photons in each watt of incident light. This strong wavelength
dependence of responsivity makes cell performance in turn strongly dependent on the

spectral content of sunlight.

3.4. Photo-Conductance Decay (PCD) Lifetime Measurement Device
Injection level dependent life time spectroscopy (IDLS) is one of the techniques that has
been used to measure minority carrier lifetime. This technique uses Photo Conductance
Decay (PCD) measurements. This method is fast and thus has a high potential for process

monitoring.
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For lifetime measurements, charge carriers are created in the silicon wafer using a
flash lamp with a decay time constant of several ms and illumination area of several cm®.
Due to a slow decay time, the sample is under quasi-steady state condition during
measurement as the light intensity varies from its maximum to zero. Steady state
condition is maintained as long as flash lamp time constant is longer than the effective
carrier lifetime. As the lamp flashes, the conductivity of the silicon wafer is thus greatly
increased, the time varying photoconductance is detected by the inductive coupling. The
resulting detuning of the resonant circuit causes the bridge current. After the light source
is switched off, the conductivity of the silicon wafer returns to its original state and the
bridge current decays. The decay of this current is measured. The photoconductivity is
measured during the flash and the actual generation rate within the sample is measured by
using an additional monitor cell. The coil coupled to the conductivity of the wafer and a
signal proportional to this conductivity is observed on a digital oscilloscope and
transferred to the computer for analysis. Figure 3.4 shows the block diagram of QSSPCD
lifetime measurement system.

Generally, the wafer does not have passivation layers on the front and the back
side. Such wafer is placed in a thin plastic bag with iodine-ethanol or quinhydron solution
to passivate the surface of the wafer. The plastic bag rests on the stage and excess carriers
are generated within the sample using a conventional xenon photo flash. In the stage
underneath the wafer, are an inductively coupled coil and a capacitor included in an
oscillating circuit. The coil is sensitive to any change in the charge developed in the

wafer when it is illuminated. The frequency used is 10 MHz.
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The associated computer program calculates the carrier mobility, based on the
doping density, and excess carrier density. The reference cell measures the instantaneous
generation rate, and then average lifetime is computed and displayed. The display shows

lifetime versus injection level as the intensity of the flash decays.
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Intensity Measurement

Reference Cdl ' 'Hﬁ”
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Figure 3.4 Block diagram of QSSPCD lifetime measurement system.

Lifetime of minority carriers is measured by using contact less photoconductance
device from Sinton Instruments. It is used in quasi-steady state mode. It has a capability
of measuring lifetime in the nanosecond to millisecond range in broad range of injections.
This measurement technique is neither affected by excess carriers accumulated in space

charge region nor by trapping [68, 69]. This instrument consists of three main
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components; a stage with a flash light, an oscilloscope, and a computer. A detail of the

working principle is explained elsewhere [70].

Figure 3.5 Photo of Sinton Consultancy lifetime tester with oscilloscope.

3.5. PVSCAN for LBIC Measurements
The PVSCAN instrument was developed at the National Renewable Energy Laboratory
by Dr. Sopori [71]. It is an optical scanning system that has many applications in PV

industry, including high speed mapping of large area crystalline silicon wafer and solar
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cells. This device is used to measure defect distribution, reflectance, and light beam
induced current (LBIC) of photovoltaic materials and devices. The schematic diagram of
PVSCAN is shown in Figure 3.6. The following is a brief description of the working of
the PVSCAN to determine dislocation and LBIC maps of a solar cell.

PVSCAN consists of two lasers of different wavelengths (630 nm and 980 nm).
The illuminated surface of the solar cell has a diameter of approximately 0.2 mm. It has
x-y stage for the movement of the device. The x-y table has minimum step size of 0.011
inch per second (~ 0.3 mm per second) and permits tracing accuracy up to 25 pum
practical sampling interval by using a computer program developed at NREL. The entire
system is computer controlled and housed inside an enclosure.

PVSCAN can be operated under three different modes, defect mode, reflectance
mode and LBIC mode. Information is collected by a number of photo detectors placed at
various points. It uses the optical scattering from a defect etched sample to count the
density of defects statistically. It shines a laser beam on the surface of the device and
measures the intensity of the reflected (scattered) light. The total integrated reflected light
is proportional to the number of scattering centers. The system provides a signal that is
proportional to the local dislocation density. By scanning over the sample, the instrument
can map the defect distribution. Grain boundaries and dislocations have different
characteristic scattering patterns, and PVSCAN uses these patterns to distinguish between
different kinds of defects.

By attaching a probe to one of the front side busbars and using the platform as
backside contacts, the current can be measured when an incident light beam from one of

the lasers is shown on the cell. PVSCAN provides a quantitative means of measuring the
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LBIC response of solar cell at two different wavelengths, 630 nm and 980 nm of light
excitation. This enables the instrument to separate the surface and bulk recombination
characteristics of cell. The current response for each excitation can be measured and
saved in the online computer. PVSCAN also has the capability of measuring reflectance.
By combining the LBIC reading with reflection losses, the instrument calculates the cell
performance as a function of the light that is actually absorbed into the cell to get an

internal photo-response.
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Figure 3.6 Schematic diagram of optical system of PVSCAN.
The short circuit current of the test cell is measured for each point illuminated.
The level of current is then stored and converted for display on a screen. From the
assignment of colors to currents, the effective and less effective regions of the solar cell

are clearly seen.
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3.6 Four-Point Probe
As a measure of purity of the material, one usually measures the resistivity. The higher
the resistivity, the better is the quality. The resistivity of a semiconductor is proportional
to the reciprocal of the density of carriers:

PR S— (3.2)
e(u,n+ u,p)
which in turn is a function of uncompensated donors or acceptors.
Four-point probe technique is the most common method for measuring the
resistivity of a semiconductor. As the name implies, it has four probes, two of them carry

current and the rest two probes sense the voltage. Schematic of a four point probe is

shown in Figure 3.7.

Figure 3.7 Use of four-point probe to measure resistivity of a wafer.

The four-point probe contains four thin collinear tungsten wires which are made

to contact the sample under test. Current I is made to flow between the outer probes and
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voltage V is measured between the two inner probes, ideally without drawing any

current. If the sample has a semi-infinite volume and spacing between the probes is “s”,

the resistivity is given by:

p:ZM; 3.3)

With some correction for the sample whose thickness is t < 5s and non-semi-infinite, the

bulk resistance is given as [72]:

T V
= 34
P=17'7 (34

Sheet resistance ps for uniformly doped sample is expressed as:

Yo V
===4532— 3.5
P =7 7 (3.5

Unit of sheet resistance is taken as Ohm per square.



CHAPTER 4

LIGHT INDUCED DEGRADATION

4.1 Review of Light Induced Degradation in Silicon Solar Cells
The first observation of LID in solar cells fabricated on boron-doped Cz-Si wafer was
made by Fischer and Pschunder in 1973 [8]. They found that the performance of solar
cell made on low resistivity (~1 Q-cm) Cz Si degraded during the first few hours of
illumination. No degradation was found in high resistivity (10 Q-cm) B-doped Cz Si.
This degradation occurred only in the long wavelength response of the cells, suggesting
that the degradation is the result of the bulk carrier lifetime. The degradation was found
to be reversible when the cell was annealed in the dark at 200 °C. At that time, details of
the defect formation was not given. In the following years, several attempts were made to
develop a defect model which explains the observed lifetime instabilities in boron doped
Cz-Si1 solar cells. Corbett, Jaworowski et al. reported that lifetime degradation in CZ
silicon is not due to direct creation of defects by photons but a dissociation of donor-
acceptor defect caused by excess carriers generated by light irradiation [56]. In 1995, a
similar degradation was reported by Knobloch, Glunz et al. that lifetime degradation
occurred not only under illumination, but also in dark when forward bias voltage was
applied to solar cells [73]. Weizer, Brandhorst, et al. proposed a model which explained
LID effect being associated with complex of a lattice defect and a silver atom or cluster
of silver atoms [4]. Graff and Pieper proposed a vacancy-gold (heavy metal impurities)

complex as the lifetime-limiting recombination center in the material [50]. But none of
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these models were capable of explaining the complete degradation-recovery cycle
observed in boron doped Cz-Si solar cells. .

Reiss, King et al. investigated solar cells fabricated on boron doped Cz silicon
wafers with comparatively high iron contamination levels [23]. They observed a
pronounced degradation in cell performance under the following conditions: (i) during
illumination, (ii) during application of forward bias voltage in dark, and (iii) during
thermal treatment above 250° C. The observed degradation cycle was different from the
one observed by Fisher and Pschunder. Cell parameters recovered fully when the cell was
left overnight in dark at room temperature. But Reiss et al. could not explain the LID
observed in highest purity electronic grade boron-doped Cz-Si with virtually no metal
contamination.

In 1997 Schmidt, Aberle et al. proposed a defect reaction model which did not
involve metallic impurities [9]. The important feature of this model was the formation of
a defect pair composed of one interstitial boron and one interstitial oxygen atom (B;O;)
during illumination of Cz Silicon. This model was successful in explaining lifetime
degradation under illumination or lifetime degradation under minority carrier injection in
dark as well as lifetime recovery during annealing at temperatures above 200 °C. In their
work, it was shown that the degradation occurred only in Cz Si that was doped with B; no
degradation was observed when either Ga or P was used as a dopant.

Kimerling, Asom et al. determined, by DLTS, the energy level of B;O; to be at
E. — 0.26 eV [7], which is much shallower than the level of the light-induced boron-
oxygen center. Ohshita, Khanh Vu et al. later showed, by theoretical calculations, that

BiO; pair could only exist in stable configuration if a substitutional silicon atom resides
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between the boron and the oxygen atom [25]. Thus the interstitial boron-interstitial
oxygen (B;O;) pair which had been detected by deep level transient spectroscopy (DLTS)
was excluded as a possible candidate of recombination center resulting in decreasing the
minority carrier lifetime in Cz silicon.

Glunz et al. measured lifetime on a very large number of boron doped Cz- silicon
samples [74]. They found an approximately linear increase in the lifetime degradation
with boron doping concentration and approximately to the power of five of the
concentration of the interstitial oxygen. This result gave rise to the assumption that the Cz
recombination center is probably associated with defect complex other than B;O; pair.
These considerations were further supported by measurements of Schmidt and Cuevas
using injection level dependent lifetime spectroscopy [3]. They showed that the energy
level of the light induced recombination center is very different from that of B;O; pair and
proposed a new core structure consisting of one substitutional boron atom and several
interstitial oxygen atoms.

In 2000, Bourgoin et al. proposed a possible atomic configuration of the boron-
oxygen complex in which the By atom is surrounded by three O; atoms [11]. The model
assumes that illumination or injected carriers induce the degradation. This model tried to
explain the difference in degradation behavior between B and Ga doped materials. In
2001, Rein, Rehrl et al. investigated the defect generation as a function of the doping
concentration and found that it shows a quadratic increase with doping level and was
weakly dependent on the injection level [75].The defect annihilation process was shown

to be thermally activated.
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Based on measured normalized defect concentration as functions of boron
concentration [B;] and oxygen concentration [O;], Schmidt and Bothe, in 2002, proposed
a defect model involving interstitial oxygen dimers (Oi) [13]. In this model, fast
diffusing oxygen dimers are captured by substitutional boron to form a B¢-O,; complex,
which acts as a highly effective recombination center.

In 2003, Rein and Glunz applied temperature dependent lifetime spectroscopy and
injection level dependent lifetime spectroscopy to obtain more information about the
electronic configuration of the LID defects [76]. They established that the electron
capture cross section of the LID defect is an inverse quadratic function of the temperature
which suggested that the LID defect is an attractive Coulombic type center. They
proposed that the defect lies at E.-0.41 eV.

Herguth, Hahn et al. in 2006, put forward a hypothetical three state model for the
explanation of the formation and annihilation of the complexes responsible for
degradation of solar cells [77]. In this model, they reported that prolonged carrier
injection (either by illumination or electrical bias) at an elevated temperature (100-160
°C) could recover the degraded cell performance. They attributed this recovery process to
transformation of the degraded state to a new state called “regenerated state” which is
relatively inactive in terms of recombination. This regenerated state was found to be
stable under a normal solar cell operating condition, but was found to be unstable when
the sample was heated to more than 200 °C in dark. They proposed that annealing above
200 °C converted the regenerated state back to non-degraded state which then can be
transformed into the degraded state by carrier injection. Finally, they found the activation

energy of the regeneration process to be 0.62 eV.
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Recent studies on compensated p-type CZ silicon (boron and phosphorous doped)
showed results that could not be explained with the traditional B;O; model. Voronkov
and Falster, in 2010, proposed a new defect model, in which the defect is composed of
one interstitial boron atom B; and an interstitial oxygen dimer O,; [78]. According to this
model, the defect BiO,; is formed during ingot cooling, which results in fixed
concentration of B;O,; at room temperature. Initially, the defect is not recombination
active, but under illumination or injection of excess carriers by forward bias, the defect is
recharged and subsequently reconstructed into its recombination active form. The
proposed recharging and subsequent reconstruction of the defect is in excellent
agreement with the experimental findings of Schmidt and Bothe [12, 26] that the defect
generation rate is proportional to the intensity of illumination at low intensity level
(below 1 mW/cm?) but independent of the illumination intensity at higher intensities.
According to this model, recovery time is proportional to the hole concentration.

The experimental data on fast recombination center, so far, has been obtained on
boron doped silicon. With regard to the new theory, the nature of slow recombination
center, provided by the experiments on compensated n-Si, seems to raise questions on the
nature of the fast recombination process. Due to short time scale in the fast degradation in
boron doped silicon, a conclusive investigation in compensated material has faced major

difficulty.
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4.2 Lifetime Analysis of the Metastable Defect
Light induced degradation of B-doped Cz silicon results in strong reduction of carrier
lifetime [3, 8, 9, 20]. Both illumination and application of a forward bias in the dark
result in exponential lifetime degradation [4, 20] until approaching a constant saturation
level. These results lead to the conclusion that the transformation of the defect in its
active state is carrier induced, and not photon induced. Many researchers attempted to
correlate lifetime degradation with the metastable defect formed by B-O complex.
Various silicon samples such as gallium doped CZ grown with high oxygen content, and
magnetic CZ grown silicon with low oxygen content, intentionally oxygen doped FZ

material, standard boron doped CZ-silicon materials etc. were used for the study.
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Figure 4.1 Lifetime degradation by light intensity of 50 mW/cm” on oxygen free or

oxygen contaminated boron-doped FZ, phosphorus-doped FZ and boron doped CZ (from
[22]).

Figure 4.1 shows one of the examples for the light-induced lifetime degradation

of various FZ and CZ silicon samples exposed to illumination for long periods of time.
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Figure 4.2 shows lifetime of a 1.9 Qcm n-type CZ-Si plotted as a function of light
soaking time which is perfectly stable under illumination at room temperature. The
carrier lifetime in a boron and phosphorous doped sample significantly decreases and has
not saturated with 10 hours of illumination [79]. These two results confirm that the only

samples to suffer degradation in lifetime are those which contain both boron and oxygen.
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Figure 4.2 Carrier lifetime in phosphorous doped CZ-Si compared with

compensated n-type CZ-Si (from [79]).

The lifetime degradation can be completely reversed by a short annealing step
around 200 °C. The degradation-annealing cycle transform between active to passive
state of the defect. Significant progress has been made in physical understanding of the
metastable defect, but the structural composition and electrical properties are still
unknown.

Deep Level Transient Spectroscopy (DLTS) is a powerful tool to study trap

characteristics, but the trap location and concentration in CZ silicon could not be detected
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by DLTS technique till now. Other methods such as temperature dependent and injection
level dependent lifetime spectroscopy are being used for the characterization of the traps.
Most attempts to detect the defect center by other techniques, such as photoluminescence,
capacitance spectroscopy, or electron paramagnetic resonance, failed.

Multiple studies have been done to investigate the relationship between boron-
oxygen trap and degradation of lifetime. All these observations are summarized in Table
4.1.

Table 4.1 Studies of Different Material Systems Showing Light Induced Degradation of
Lifetime.

Material Reference Dopant Interstitial Lifetime
Oxygen degradation
Boron doped FZ | [8,22,26,80,81] Boron No No
(10" cm™)
Phosphorous and [22,79] Phosphorous Yes No
oxygen doped FZ
Phosphorous [9,79,80] Phosphorous Yes No
doped CZ
Boron doped [22] Boron Very low No
MCZ (5x10" cm™)
Gallium doped [9,22,26] Gallium Yes No
CZ (5x10'7 cm™)
Boron and [22,26] Boron Yes Yes
Oxygen doped FZ (8x10" cm™)
Boron doped CZ | [8.9, 22,73,76] Boron Yes Yes
(10" em™) | (6-7x10"7 cm™)
Phosphorous and [79,82] Boron and Yes Yes
Boron doped CZ Phosphorus

As mentioned earlier in Section 4.1, the recombination-active boron oxygen
related defect is composed of one substitutional boron atom B and an interstitial oxygen
dimer Oy;. This model was based on the numerous experimental results obtained on B
doped p-type CZ silicon. Similarly, BiO,; model provides a detailed explanation of the

basic features of the degradation, and subsequent recovery by annealing in dark. It is
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obvious that in low resistivity samples, i.e., samples with higher boron concentration, a
recombination center exists in the forbidden gap which shows a strongly decreased

recombination activity than in the high resistivity samples when annealed.

4.2.1 Normalized Defect Concentration of Wafer

Lifetime spectroscopic measurements can be used to investigate metastable defect
concentration quantitatively. The initial lifetime of recovered state (after annealing) is 1o
and stable lifetime of degraded state after illumination under one sun (AM1.5) is t4. The
metastable defect concentration is then assumed to be proportional to the difference
between the inverse of the degraded-state lifetime and the inverse of the recovered-state
lifetime. Assuming that the metastable defect is completely deactivated after annealing
step and completely activated after the light soaking step and other recombination
channels not related to degradation effect, such as surface recombination and Auger
recombination, are completely eliminated, then the normalized defect concentration in an
arbitrary illumination state is Nt*(t):

N;@):L_L:( ! +LJ_L @1

T(t) z-0 z-Cz (t) Tres 7

res

= N(t) x f(on, 6p, E¢; An, T)
= (VinOuN+VinGresNres) = VinOresNres
where, N(t) is the concentration of the CZ-specific defect activated in current illuminated
state, Ny the concentration of residual defects state, tc,(t) being the lifetime
corresponding to the recombination center under investigation, T.s corresponds to

lifetime due to all residual recombination channels, vy, 1s the thermal velocity, ¢, and Gy
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are the electron capture cross section, respectively. The maximum defect concentration is
obtained when 1(t) = 4.

For an accurate determination of defect concentration, the complete elimination of
other recombination channels is essential, which is done by measuring effective lifetime
in both states at the same injection level and at same temperature [26]. According to the
SRH statistics, the bulk lifetime in CZ silicon strongly depends on both the injection
density An and doping concentration Na. Figure 4.3 shows the measured dependencies of

defect concentration on injection density for various resistivity samples [10].
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Figure 4.3 Measured injection level dependent defect concentration as a function
of excess carrier concentration (An) for various resistivity CZ-silicon samples
(from [10]).

Normalized defect concentration can also be expressed as a function of the

substitutional boron concentration [Bs] and interstitial oxygen concentration [O;]. There
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exists a linear relationship between defect and boron concentration (N, oo[B,]"") and

nearly quadratic increase ( N, o[O,]"?) with increasing oxygen concentration [22, 26].

Temperature dependence of trap generation and annihilation, along with
illumination wavelength and intensity, has also been frequently used to analyze trap
behavior. Defect annihilation seems to be thermally activated. In a simplest case, the
defect annihilation process follows a single exponential function given by:

Nt (T’ t) = N[ (T)O)e_Rann(T)xt (4.2)

Assuming the annihilation rate increases exponentially with temperature:

E,

—“ann

(T > o)e #T (4.3)

R,.,(T)=R,,,
Thus, kinetic defect annihilation is controlled by activation energy E,n,. Experimentally,
the activation energy for an annihilation process was found to be in the range of 1.3-1.4
eV [26] or 0.98-1.0 eV [77].

Similarly, the trap generation rate is also expressed as a function of temperature

and density of defect in active and passive state should then follow the exponential law,

N, T) = N(t — 0)[1 - exp(z__—t)] (4.4)

gen
where, Tg.n 15 the generation time constant describing the activation process. Activation

energy of generation can be calculated by fitting Arrhenius plot:

1 -F,
——=R_(T)=R_ (t >x)ex 8
een(T) ( ) exp( T

gen

) (4.5)

gen

where, T is temperature, N(t,T) is the normalized defect concentration as a function time
and temperature, Rge, is the generation rate of the defect, E, is generation energy.

Activation energy for degradation process is found to be 0.4-0.5 eV [26]. By using decay
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constant from temperature dependent V. of solar cell and Arrhenius equation, Herguth

et. al calculated the activation energy of regeneration to be 0.62+0.02 eV [77].

4.2.2 Normalized Defect Concentration of Solar Cells

Normalized metastable defect concentration generated in a cell due to illumination is
measured by using V. value as a function of t, the time elapsed since the start of
illumination. It is given by the expression:

1 1
exp(qV,.(6)/nkT)  exp(gV,.(t = 0)/ nkT)

Ny () = (4.6)

For solar cells having doping concentration of the order of 10'® atoms/cm’, ideality factor
n is very close to unity and does not change significantly for the boron-oxygen related

recombination centers.

4.3 Electronic Structure of B-O Defect
Concerning the multitude of experimental findings and the different models proposed for
the metastable defect over the past years, progress has been made in physical
understanding of the defect responsible for LID. But the exact configuration of the boron-
oxygen complex and its electrical properties which is given by the energy level Er and
the ratio of capture cross section of electron and hole has not yet been convincingly
clarified. All the known properties of the CZ defect have been determined by means of
lifetime spectroscopy. By using injection-level dependent carrier lifetime measurement,
Schmidt and Cuevas found that the recombination center responsible for the lifetime
degradation has an energy level located close to the middle of the silicon band gap [10].

Their experiments indicate that allowed energy of trap Er lies in between Ey+0.35 and
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Ec-0.45 eV which is close to the earlier published defect energy level between Ey+0.30
eV and Ec-0.27 eV measured by transient capacitance spectroscopy [6].

Rein and Glunz, with detailed Shockley-Read-Hall analysis of the entire TDLS
curve, revealed that the CZ defect acts as an attractive Coulomb center which is localized
in the upper half of the band gap at Ec-Et= 0.41 eV and the ratio of electron capture cross
section to that of hole is 9.3 [76]. The unambiguous localization of the recombination-
active defect state below 0.41 eV below the conduction band allows to judge one of the
metastable model proposed earlier. Schmidt, Aberle et al. suggested boron-oxygen
complex (B;O;) to explain the degradation and regeneration of the lifetime [9]. Since the
energy level associated with B;O; pair is known to lie at Ec-E; = 0.26 eV, as determined
by DLTS measurement, after Rein and Glunz’s findings, B;O; is definitely excluded as a
possible candidate for degradation of CZ silicon solar cells.

Bothe and Schmidt, in 2006, determined the energy level of the fast forming
defect center to lie between 0.35 and 0.85 eV below the conduction band edge Ec. On the
other hand, the ratio of the capture cross section for electron and hole was determined to

be 100£10 which is 10 times larger than that for slowly forming B-O defect [26].

4.4 Role of Oxygen
Oxygen is a dominant impurity present in CZ grown silicon crystals with concentration
from 5 to15x10'7 cm™. Oxygen is an unintended dopant which enters the molten silicon
continuously by dissolving the silica (quartz) crucible. The silica crucible is an infinite
source for oxygen. Oxygen dissolved interstitially in crucible grown silicon crystal will

usually precipitate as SiO; in thermal processing at temperature lower than the silicon
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melting point. The presence of oxygen in silicon always leads to an expansion of the
material and to built-in stresses. In the case of large precipitates, these stresses can be
relieved by the growth of dislocations.

Individual oxygen atoms occupy interstitial bond-center positions. Such oxygen
atoms (Oj) diffuse by hopping between neighboring bond center-sites with activation
energy of 2.5 eV in a wide range of temperatures 300-1200 °C [16]. Clustering of oxygen
occurring under heat treatments during manufacturing processes is a natural consequence
due to the supersaturation of oxygen. From the initial state where oxygen is dispersed in
silicon, it is possible to reach into another state after annealing where the whole oxygen
content is precipitated. The process is reversible and oxygen can be dispersed again by
dissolution of the precipitates at very high temperature (~1350 °C) and quenching to
room temperature.

Oxygen, in its usual interstitial configuration, in silicon is electrically inactive.
Upon heat treatment in the temperature range of 300-350 °C, electrically active centers
are formed in oxygen rich silicon ([Oj] ~ 10" cm™). The first stage of O; precipitation is
considered to be the formation of dimer. It appears that a pair of nearest neighbor bonded
interstitial oxygen atom is more stable than involving in the formation of an oxygen
molecule [83]. The oxygen dimer consists of di-oxygen interstitial defect bonded to the
silicon lattice.

When boron doped CZ silicon is illuminated or forward biased under dark, B-O
complex is formed. Interstitial boron is a highly reactive defect and can combine with
other common impurities such as oxygen and hydrogen. In heavily doped CZ silicon,

interstitial boron forms defects with interstitial oxygen having donor energy level at Ec-
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0.23 eV [84]. The binding energy Ep of oxygen with B; was found to be 0.6 eV. Donor
energy level of BiO; is much shallower than the level of the light-induced boron-oxygen
center. Thus the interstitial boron-interstitial oxygen (B;O;) pair was excluded as a
possible candidate of recombination center.

Another defect model was proposed involving interstitial oxygen dimers (Oy). In
this model, fast diffusing oxygen dimers are captured by substitutional boron to form a

Bs-O,; complex, which acts as a highly effective recombination center.



CHAPTER 5

EXPERIMENTAL DETAILS

5.1 Light Soaking and I-V Measurements

For the study of light induced degradation on mono-crystalline silicon solar cell, a large
number of single crystalline, boron doped CZ-grown silicon solar cells were tested. The
cells used in the course of this study are commercially available and of size 156 mm x
156 mm mono-crystalline solar cells. The cells were fabricated on high-quality (minority-
carrier lifetime between 300 and 350 us) wafers, which have very low Fe content (<10'?
atoms/cm’), to minimize Fe-B effects. Boron doping concentration is around 10'°
atoms/cm’, whereas the oxygen content is high (~10'" atoms/cm’, ASTM F121-83
Standard). Hence, the main effect of light is expected to be related to B-O. The resistivity
of the p-type mono-crystalline, [100] oriented wafers was 1 to 2 Q2-cm. The solar cells
under investigation were about 250 um thick, metal-insulator-semiconductor contacted p-
n" structure and also passivated emitter and, on the rear, locally diffused p-n" solar cells.
Surface passivation was performed by SiN deposited by PECVD. All the cells were
processed by a screen printing method according to the typical industrial solar cell
process.

Initially, the cell was annealed at 200 °C for half an hour in dark. Dark and light
current-voltage characteristics were measured either by XT-10 solar simulator or by pulse
tester. The illuminated current versus voltage (I-V) characteristics of a solar cell is
typically measured with respect to standard reference conditions defined by the spectrum,

intensity, temperature and area of the cell. Calibrated standard cells were used to adjust
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the intensity of the light. Once the solar simulator intensity has been set to match the
standard intensity and spectrum using a reference cell for the particular device being
evaluated, the I-V characteristics can be measured.

The solar cells were light soaked under open circuit condition using the Oriel
Solar simulator under an illumination of one sun. The temperature of the stage was
maintained at 25 °C. Illuminated I-V measurements were done in two modes: in one
case, the I-V measurements were done during the light soaking itself using a DC testing
system (XT-10); in the other case, cells were light soaked by using AM1.5 Oriel Solar
simulator, were removed from the light-soaking station and tested under a (Sinton) pulse
tester. The temperature of the solar cells was monitored by using a thermoelectric module
during light soaking and I-V measurements, to verify that the device temperature remains
at 25 °C. I-V measurements were done at different stages of light soaking, at an interval
of 5 minutes to a span of up to 20 hours. After total about 72 hours of light soaking, the
cells were annealed, and in some cases, they were cycled through light soaking and
annealing. Annealing was done at 200°C for 30 minutes following the procedure
described in ref. [85]. All the measurements were done to promote reliable determination

of the small changes in the cell parameters that occur as a result of LID.

5.2 Quantum Efficiency
The internal quantum efficiency of the cell is measured at 25 °C by using spectral
responsivity equipment at NREL. All QE measurements were performed without one sun
light bias. First of all, the calibrated cell, CZ-Si cell of [100] orientation, is placed on

vacuum stage. Visible range of light at 550 nm is used to adjust the beam size such that
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light is focused in between two consecutive fingers. Electrical back contact is made
through back surface of the cell and front contact is made with magnetic probe. Front
contact probe is placed on a busbar close to the beam spot. The useful solar spectrum lies
in between wavelength of 300-1200 nm for silicon solar cell. So the quantum efficiency
measurement is done in the range of 300-1200 nm range.

Once the system is calibrated, the test device is used to measure its quantum
efficiency in the same range as that of the calibration cell. The software corrects the
quantum efficiency of the device comparing with the quantum efficiency of the cell used
for the system calibration.

In this study, quantum efficiency of the cell was measured after different light
soaking time to see the effect of boron oxygen defect generated because of the extra

charge carriers through the cell.

5.3 Lifetime Measurement of Silicon Wafer

Lifetime measurements were performed at room temperature using the quasi-steady state
photoconductance (QSSPC) technique in “generalized mode”. The set-up of the
equipment involves a zeroing procedure that accounts for the dark conductivity of the
wafer under measurement. User has to enter the estimated carrier concentration.

In order to start from the defined state, all the samples were annealed at 200 °C in
dark for 30 minutes. As was expected, all the boron-oxygen complexes were completely
dissociated before lifetime monitoring was started. Before measuring the lifetime, the

wafers were subjected to a polishing etch containing HNO;, HF, and CH;COOH



77

(removal of about 6 um from both sides of the wafer) and a subsequent surface clean by
piranha solution followed by HF dip.

Generally, the wafer does not have passivation layers on the front and the back
side. Thus the wafer is placed in a thin plastic bag with iodine-ethanol or quinhydron
solution to passivate the surface of the wafer. After performing lifetime measurement, the
wafers were light soaked for various durations under one sun illumination and lifetime
was measured to study the change in bulk lifetime due to B-O complex formation in p-
type wafer. The wafers were prepared by a procedure described in Ref. [86].

To remove the effect of the residue (if any) of the chemical used for surface
passivation during lifetime measurement, the wafers were chemically etched before each
measurement. Some of the wafers were annealed and lifetime was measured to see

whether original lifetime is restored or not.

5.4 Bulk Resistivity of the Wafer
Bulk resistivity of the wafer was measured by using four point probe technique. It is a
simple method of measuring sheet resistivity. The thickness of the wafer is measured by

using dial gauze at different points and average thickness is calculated.
. e V
Since the bulk resistivity is given by,p=4.532t7 , the current through the

probes are adjusted so as it reads 4.532 mA, then the corresponding voltage multiplied by

the thickness in proper unit gives the resistivity of the wafer.



CHAPTER 6

RESULTS AND DISCUSSION

This chapter discusses variation in the electrical properties of the mono-crystalline silicon
solar cell as a function of illumination time. Formation of B-O complex and its effect on
carrier lifetime of silicon wafer due to excess charge carriers is discussed. Based on the
observed changes in cell parameters, a new component of light induced degradation is
proposed. Interface between metal-insulator-semiconductor is considered as one

contributor to the LID of silicon solar cells.

6.1 Changes in Cell Parameters as a Function of Light Soaking Time
Figure 6.1(a) shows the time dependent degradation behavior of the open-circuit voltage
(Voc) and short circuit current density (Ji) of one of the typical singe crystalline silicon
solar cells. Figure 6.1(b) shows the corresponding changes in the fill factor (FF) and
efficiency of the same cell. From Figure 6.1, it is clear that the degradation of the cell
parameter does not follow exponential decay as claimed by other researchers earlier
[20,73,77,87] for the B-O complexes formed by excess carriers developed because of the
illumination of light. Before V. or J. approach a stable final value, both try to stay at
their previous states if [-V measurements are done at an interval of 1-2 hours. Decrease in
V.. and J value is seen between two consecutive measurements that are long enough in
duration. Almost all cells tested showed similar behavior. FF is more sensitive to
resistance of the cell; so fluctuation in the value of FF, seen in Figure 6.1 (b), is linked

with the contact resistance of the series of current and voltage probes loaded with the

78
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spring. This effect appears in the measurement of the efficiency as well. Figures 6.1(a)
and (b) also confirm that there appears to be an initial fast decay followed by a slower

decay of cell parameters, as observed by Bothe and Schmidt [26].
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Figure 6.1 (a) Variation of V, and J;. (b) FF and efficiency of one of the single
crystalline silicon cell plotted as a function of light soaking time.
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For the first hour, the cell was taken out every 5 minutes and the I-V data
measured with a pulse tester. Figure 6.2 shows the changes in the cell V. and J during
the first 60 minutes. Following the first hour of soaking, the cell was exposed for one
hour at a time and taken out for measurements. Figure 6.2 suggests that there is a sort of
recovery of the V. for the first one hour of light soaking of the cell. This type of
recovery was not observed for J. values during the same time. Results from other cells
(of this batch and others) also show similar effects of partial recovery in the initial phase
of light soaking. It is important to point out that this happens only if the cell is withdrawn
from the light-soaking source. I-V measurements for cells that were soaked continuously
do not show any partial recovery in electrical properties.

It is felt that this is a manifestation of interface activity and that defects are either
generated at the interface and/or there is charge redistribution during light soaking
[88,89]. The result is a higher effective surface recombination. This conclusion is also
attested by the change in spectral response of the cell that will be discussed in later
section.

Interface from one semiconductor to a metal determines one of the important
properties of the electronic structure, i.e., connection of bands. It is caused by a number
of factors such as (i) the difference between work function of the involved
semiconductors or metals, (i1) the valence band offset, (iii) the lattice misfit at the
interface, (iv) the interface defect levels, (v) the induced interface dipole, etc. Depending
on the conductivity and other material parameters, compensating charges are distributed

over the interface.
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In case of silicon solar cells, a thin layer of insulating film (SiN:H) stays in
between metal (silver fingers, or busbar) and semiconductor. This thin layer consists of
additional dipole layer that equalizes Fermi-level across the entire interface in
equilibrium. During illumination, the dipole layer at interface is modified that produces
change in bonding or charge redistribution at the interface states. The effect of thin
insulating layer that tend to restore the barrier height between metal-semiconductor
interfaces block the effect of illumination [90].

Figures 6.1(a) and 6.1(b) also confirm that there appears to be an initial fast decay

followed by a slower decay of cell parameters, as observed by Bothe and Schmidt [26].
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Figure 6.2 Decrease of V. and J. of a cell for the first hour of light soaking.
The reduction in efficiency of p-n" solar cell is by the decrease in the lifetime 1 of
the minority carrier electron in p-silicon active layer of the solar cell and that change in t
depends on the concentration of the defect. Defect concentration generated by light

soaking is also a function of time dependent V. [5,91].
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Figure 6.3(a) shows illuminated I-V plots of a typical cell for three different
conditions; before light soaking, after light soaking for 72 hours, and after annealing of
the cell. Figure 6.3 (b) shows the corresponding semi log plot of dark I-V characteristics
of the cell before and after light soaking and after annealing.

The semilog plot of dark I-V of a cell reveals much more information about the
cell. The cell performance in the low voltage region is dominated by shunt resistance.
Two exponential regions can be seen starting at 0.2 V, with slopes of qV/2kT and qV/kT
respectively. The decreasing slope of the current at higher voltage region is a result of
series resistance of the device. Almost all large area silicon solar cells show some shunt
resistance effect. Table 6.1 shows the cell parameters before light soaking, after light

soaking, and after annealing.
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It is seen that all cell parameters (V., Jsc, and FF) degrade with light soaking and
then recover: in this case, the Js recovered fully, whereas V,. and FF recovered only
partially. Values of V., Js, FF, and efficiency are shown in Figure 6.1 (a) and (b) after
annealing the cell.

Working with many cells, it is found that there are some cases in which V,
recovers fully after annealing but J. and FF recovers partially. To our knowledge, the
partial irreversible degradation of crystalline silicon solar cells has not yet been reported.
Moreover such partial recovery cannot be explained by the conventional way alone; so a
different physical origin must exist. Either of the result indicates that the degradation
produced by B-O complexes (bulk effect) can be regenerated upon annealing but the
degradation due to interface effect does not recover.

Table 6.1 Parameters of a Cell under Three Different States

Parameters Before light After light soaking After annealing
soaking
Vo (mV) 626 618 625
Je (mA/cm?) 35.3 35 353
FF (%) 78.3 77.7 78.1
Efficiency (%) 17.32 16.79 17.20

6.2 Recovery of Cell Parameters upon Annealing
As discussed in Section 6.1, Figure 6.1 (a) and (b) show the recovery of the V., Js, FF
and efficiency after annealing the cell. In this case, J is recovered fully but V. and FF
are recovered partially.
The dark I-V data were fitted by using the software developed at NREL. From the
dark I-V data, the parameters, the diffusion current density (Jo;), recombination current
density (Jo2), series resistance (R;) and shunt resistance (Rg) are derived according to the

double diode model. The first diode represents the solar cell itself while the second diode



85

represents the leakage or recombination in the depletion region of the p-n junction. The

Rg, of all cells is sufficiently high to exclude shunting losses, which would result in a low

FF.
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Figure 6.4 Fitting of dark I-V characteristics by using double diode model.
Joz is traditionally considered to be a measure of recombination in the space
charge region and can be related to the density of recombination centers in solar cells. A
more effective gettering should reduce the SRH recombination (by removing traps),
yielding a low Joo. The lowest Jo, values of 1.77 x 10” mA/cm? are observed in one single
crystalline silicon solar cell with series resistance 2.0 mQ and shunt resistance 43.5 kQ.
It is seen that both Jo; and J, increases after light soaking. An interesting feature
is that, upon annealing, Jo; decreases back to its original value, but Jy, does not recover.

This is a clear indication of surface instability and is believed to be related to the
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SiN:H/Si interface effects. It is pointed out that degradation of Jy; with light soaking and
its full recovery upon annealing has been observed and reported by Herguth et al. [92].
The values of Jo1, Jo2, R, and Ry, are also shown in Table 6.2.

Table 6.2 Parameters of the I-V Data Fit by Double Diode Model of a Single Crystalline

Silicon Solar Cell

Parameters Before light After light soaking After annealing
soaking (72 h, 1-sun, 25 °C) | (200 °C, 30 min)

Jo1 (mA/cm”) 7.88x 10"° 9.36x 10"° 7.05x 107

Joo (mA/cm’) 2.49x 107 3.62x 107 3.3x 107

R (mQ) 1.45 1.65 1.65

R (k) 135 32 35

The degradation at the SiN:H/Si interface and within SiN:H has been reported
previously and is thought to be due to an increase in Dj; and the defect density within
SiN:H film [93,94]. It has been shown that exposure to light will cause an increase in

the interface state density Dy in both p- and n-type Si. This effect is also expected to

cause the observed changes in Jo,.

6.3 Minority Carrier Lifetime Degradation

6.3.1 Minority Carrier Lifetime Degradation in Wafer

It is instructive to examine if the LID in the cells is fully controlled by the degradation in
carrier lifetime 1. To accomplish this, the changes in the minority-carrier lifetime with
light soaking of similar wafers (prepared by the same crystal/wafer technology)
corresponding to various cells was measured. Figure 6.5 shows the bulk lifetime
decreasing phenomena of p-type CZ silicon wafer as a function of illumination time for

AM1.5 solar simulator.
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Figure 6.5 Measured changes in the minority-carrier lifetime as a function of light
soaking and annealing on a sc-Si wafer.

The injection level density dependence of carrier lifetime in the annealed state and
degraded state was measured by using quasi steady state photoconductive decay
(QSSPCD) technique. Maximum effective lifetime for wafers light soaked for different
length of time is plotted as a function of light soaking time. One can see that the
behavior of the time dependence of lifetime degradation is about the same as degradation
of V. and J for the cell as shown in Figure 6.1(a). The lifetime decays rapidly in the
first hour of light soaking and slowly reaches the minimum saturation value. The defects
are deactivated by an annealing step of 30 minutes at 200 °C. According to SRH
statistics, the bulk lifetime in CZ silicon strongly depends on both the injection density
and the doping concentration [95,96].

Maximum value of injection dependent carrier lifetime of each wafer after
annealing is shown in Figure 6.5. It is seen that annealing recovers the bulk lifetime to the
level of the wafer before illumination assuming an accuracy of 10% for the underlying

lifetime measurements. In this work, it is confirmed, by means of direct measurement of
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recombination lifetimes, that high and stable lifetimes can be achieved in B-doped CZ-
silicon wafers by subsequently annealing and illuminating them.

Based on the comprehensive lifetime study, the cell performance of the boron
doped CZ silicon solar cell can be explained. Degradation of the cell parameters due to
bulk effect is fully recovered by annealing at 200 °C. To reconcile the fact that cells
exhibit a full recovery of bulk effect, even if there is incomplete recovery of the bulk
lifetime, one needs to consider the following argument. Because the cell efficiency is
about 17.5%, this can be satisfied by a bulk lifetime of about 150 ps. Clearly, a 30

minutes annealing is sufficient to raise the lifetime above this level.

6.3.2 Bulk Minority-Carrier Lifetimes in the Finished Solar Cells
The bulk lifetime in the dielectric and BSF back passivated cells were measured with the
help of the adjacent cells that were subjected to the same processes. The lifetime was
measured by stripping off all the fingers, busbars, and passivation down to the silicon
substrate and then performing lifetime measurement with surface passivation by using
iodine-ethanol solution. Initial lifetime of the wafer was 500 ps. The lifetime value of
500 us is sufficiently higher than the lifetime of the cell which has 17.5% conversion
efficiency. Concentrations of metal impurities would be much lower because of the
gettering of the wafer due to different high temperature processing steps during cell
fabrication.

The lifetime of the wafer decreases on light soaking. Interestingly, the lifetime
was not recovered fully after annealing. Our experimental data have shown that, even
after two hours of annealing at 200 °C, the lifetime is not recovered fully. We have also

observed that the wafers with high lifetime are sensitive even to the light in the wafer
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preparation hoods. These results seem to indicate that perhaps multiple defects are

associated with B-O interactions and some of the defects are stable at 200 °C.

6.4 Quantum Efficiency
Figure 6.6 shows the quantum efficiency of one of the single crystalline silicon solar cell
before and after light soaking. The UV light is absorbed near the surface while
illumination and infrared light is absorbed deep in the wafer. In case of silicon solar cells,
the UV light favors surface recombination whereas IR light emphasizes bulk
recombination.

It is seen that, although the response in most of the wavelength range is reduced,
the reduction in response at the shortest wavelength is relatively large. Magnified short
wavelength region is shown in the inset. Wavelength, in the range of 500- 1000 nm, of
the QE curve holds information about the bulk lifetime and some surface effects. As
expected, the QE data in the mid to long wavelength range indicates that the bulk lifetime
of the cell has shown some change due to degradation. However, the QE data in the short
wavelength range reveals that the front surface interface changes after light soaking. But
the long wavelength response was virtually the same before and after light soaking. The
loss of external quantum efficiency in the visible region of the spectrum is 1.6% which is
the same as the degradation of the Ji. value of the cell. This allows to explain the
lowering of the short-circuit current shown in Figure 6.1 (a) in terms of reduction in
external quantum efficiency.

The above results clearly suggest that light soaking also has a surface effect,

which we believe is a result of increase in Dj; at the SiN:H/Si interface. Because
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multicrystalline Si solar cells also use SiN:H as an antireflection coating, a similar
behavior of mc-Si solar cells under light soaking is expected.

Study of the UV light below 350 nm was limited by the capability of the
equipment. Since this equipment uses tungsten halogen lamp, basically there is no signal

at that region but detector picks some signal which has very rare chances of repetability.
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Figure 6.6 Quantum efficiency of a cell before and after light soaking. The inset shows
magnified short wavelength region.

6.5 LBIC
To gain a better understanding of the effect of LID on solar cells, LBIC maps using short
wavelength (630 nm) laser were obtained on some of the cells. The 630 nm is absorbed

deep in the bulk and is therefore indicative of the surface recombination and the bulk
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lifetime. Since the lifetime of the cells used in this study are fairly high (>350 ps) and
uniform, variation in LBIC response primarily reflects the variation in the bulk lifetime as
well as surface recombination.

It is very hard to see any difference by observing the LBIC maps of a cell before
and after light soaking but we can see difference in the value of induced current. It is
found that the laser beam induced current decreases with light soaking and recovers
partially upon annealing. LBIC response is in very good agreement with the V. and Jg

data.

6.6 Correlation between Light and Current Induced Degradation
Single crystalline silicon solar cells were also tested for the degradation produced by
applying forward bias under dark condition. Initially the cell was annealed at 200 °C for
half an hour in dark. Dark and light current-voltage characteristics were measured by
pulse tester. The solar cells were degraded by applying 700 mV (DC) forward bias under
dark. The temperature of the stage was maintained at 25 °C. I-V measurements were done
after various durations of applying current. After a total of about 72 hours of forward
bias, the cells were annealed, and I-V characteristics were measured. Figure 6.7 shows
the degradation of V. and Js. upon application of a forward bias voltage of 700 mV, the

cell being stored in dark.
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Figure 6.7 Degradation of V.. and Ji of a single crystalline silicon solar cell under
application of a forward bias in dark.

As in the case of a cell degraded under illumination, the degradation of the cell
parameter does not follow exponential decay as claimed by other researchers earlier
[20,81]. Before V. or Ji. approach a stable final value, both try to stay at their previous
states. Excess carrier produced by the application of forward bias also shows that the cell
has partial recovery of its cell parameters. In Figure 6.7, J recovers fully and V. and FF

(not shown here) recover partially.

6.7 Resistivity Measurements
Resistivity of silicon wafer is a function of doping concentration and mobility of charge
carriers. Since the doping concentration of the wafers used during the course of this study
was not changed on purpose, it is tried to see whether mobility of the charge carriers
changes due to generation of B-O complex because of illumination. Resistivity was

determined at various positions of the wafer by using four point probe technique. In this
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observation, resistivity of wafer does not change with light soaking time. Even if there is
a small change, it does not follow the pattern of illumination time. That change was
considered to be within the instrumental error of four point probe technique. It is
concluded that the change in mobility of charge carrier, due to formation of B-O
complex, could not alter the bulk resistivity of the wafer at least to be detectable by four

point probe.

6.8 Multi-crystalline Silicon Solar Cell Degradation

In the previous sections, the impact of LID on single crystalline silicon materials was
investigated. This section deals with the investigation of LID in low cost PV grade Si
materials, especially on multi-crystalline silicon solar cells. To check the characteristics
of degradation and recovery cycle resulting from illumination, similar procedure was
followed as the case of single crystalline silicon solar cell (discussed in section 5.1).
Although standard multi-crystalline silicon contains less oxygen than Czochralski grown
silicon, initial lifetime of such wafer are in the range of 30- 80 ps. High dislocation
density region are responsible for an increase in dark forward current and a decrease in
efficiency and cell parameters [97].

Due to high segregation coefficient, oxygen is preferentially incorporated in the
crystal and is therefore primarily present in high concentration in the lower part of the
ingot while the boron concentration increases towards the top. In fact degradation can be
a serious issue if oxygen concentration exceeds a certain value. Because oxygen and
defect concentration could vary significantly over a given multi-crystalline silicon wafer,

this could result in spatial variation in LID.
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Multicrystalline silicon has a low concentration of oxygen (typically ~10"
atoms/cm’) and is not expected to display significant B-O defect formation. Hence, solar
cells made from cast material are not expected to have LID. Yet, some researchers have
reported degradation in the cell performance upon exposure to light [39,40,98,99].

Many mc-Si solar cells have been tested (>20) to investigate if the mechanism of
the observed LID is also related to the surface effect that was observed earlier in CZ
cells. Figures 6.8 (a) and (b) show the measured variations in cell parameters with light
soaking under 1-sun at 25°C. The cell parameters before and after light soaking are given
in Table 6.3. It can be seen that there is a very small change in the cell parameters.
However, it is interesting to note that Figure 6.8 (a) and (b) have recovery features

similar to that of Figure 6.1 and 6.2.
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Figure 6.8 Measured variation in the (a) V.. and Js. (b) FF and cell efficiency as a
function of light soaking time.

Figures 6.9 (a) and (b) show the illuminated and dark I-V plots before and after

light soaking, and after annealing.
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Table 6.3 Cell Parameter of One mc-silicon Solar Cell before Degradation, after
Degradation and after Annealing

Parameters Before light | After light soaking After annealing
soaking (86 hours, 1-sun, 25°C) | (200°C, 30 min)

Vo (mV) 616 616 616

Je (mA/cm?) 33.8 33.6 33.7

FF (%) 78 77.9 77.9

Efficiency (%) 16.23 16.14 16.18

Jo1 (mA/cm”) 12.0 x10™° 10.5x10™"° 9.8x10"°

Joo (mA/cm’) 1.61x107 2.88x10” 3.41x107

R, (mQ) 23771 2.2335 2.0179

Ran (k) 50 35 55

The degradation in efficiency is only 0.1%. Since the degradation of efficiency is
small, LID is not viewed as a serious problem in mc-silicon solar cells. Even this small
change in J and efficiency did not recover after annealing which is different from what
was observed before [100]. Again, it is seen that the Jo, component of the dark current
does not recover upon annealing. Table 6.3 also includes Jo;, Jo2, Rs, and Ry, values.
These results clearly suggest that degradation produced in mc-silicon solar cell due to
light soaking is not from bulk effect but also has a surface effect. These mc- cells were
also passivated by using same techniques as in the case of single crystalline silicon solar

cells.
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Figure 6.9 (a) Illuminated and dark I-V plots before and after light soaking, and after
annealing. (b) Change in the log plot of the dark I-V characteristics of the same mc-Si
solar cell as a function of light soaking.

Thus it is claimed that, for low oxygen and low boron content, mc-silicon solar
cells degrade as a result of increase in Dj at the SiN:H/Si interface. Because

multicrystalline Si solar cells also use SiN:H as an antireflection coating, a similar

behavior of mc-Si solar cells under light soaking is expected.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

A detailed experimental study of light induced degradation of industrial crystalline
silicon solar cell was investigated. Initial degradation of cell parameters due to excess
charge carriers generated either by illumination or by carrier injection shows partial
recovery. Boron oxygen complex formed acts as trap and activation of the trap results in
the well known lifetime degradation by up to 80% of its initial value. This results in
decrease in conversion efficiency of the solar cell. Degradation and recovery of LID traps
are affected differently by heat and illumination. We described some results of analyses
of LID of ¢-Si and mc-Si solar cells to further understand the bulk and surface
components. Results have shown that degradation mechanisms are bulk and surface
related.

Significant LID was detected on cast multi-crystalline silicon solar cell by
degrading efficiency of 0.1-0.2 % absolute value. It is said that oxygen content in mc-
silicon varies with the position of the wafer in the ingot. The cell tested just showed
minimum amount of degradation and did not correlate with the position of the wafer in
the ingot because of no prior information about them. Since the amount of oxygen
possessed by mc-silicon is low, it cannot play a role in the bulk degradation but the
degradation of such cells is associated with the interface effect between SiN:H-Si

surfaces.
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A comprehensive study on carrier lifetime in p-type CZ silicon revealed that
degraded bulk lifetime can be recovered by annealing at 200 °C for 30 minutes. Bulk
effect as observed on cell was compared with observed effect in the lifetime of the wafer.
In some cases, the wafer consisted of the stripped cell. The bulk effect is primarily B-O
related. The degradation behavior of cell parameters and the lifetime (in wafer) are
similar—they exhibit a sharp decay followed by a gentler slope. However, the annealing
results in the cells and wafers appear to be quite different. The bulk lifetime recovers
almost fully after 200 °C, 30 minute annealing but the cell exhibits only partial recovery
after 200 °C, 30 minutes annealing. This partial recovery is due to surface effect that
appears to be related to SiN:H/Si interface. Although their manifestation is very little in
the illuminated cell characteristics, it can be easily seen in the Jy; component of the dark
plot. This loss in efficiency was also verified by using similarly passivated low oxygen
content mc- silicon solar cell. Likewise, it appears as a slightly lower short-wavelength
response in the spectral response after light soaking.

The other salient characteristics of LID that have been seen are the following:

1. As is already known, there is an initial rapid decay of all cell parameters (within a
few minutes), followed by a slower degradation. In general, all cell parameters
experience a reduction.

2. Under 1-sun at 25°C, it takes about 72 hours for complete light-induced degradation.

3. The total effect of LID is about 0.5% absolute (< 0.5% degradation).

4. In the initial course of light soaking, there is evidence of partial recovery of cell

parameters if the cell is taken out of illumination for -V measurements.
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7.2 Future Work
The experimental studies and discussion of results allow the following recommendations
that would help to develop a better understanding of LID and carry out important steps to
lower its effect on solar cell performance:

1. All the results presented here for claiming interface effect of LID are based on
indirect observations. Measurements were performed to directly determine changes in the
density of interface states (Dj;) and fixed charges (Qy) at the SiN:H/Si surface of the cell
as a result of light soaking and annealing. As Q; and Dj are properties of the interface
structure between the materials, SiN,:H/Si cause local field effect which can be
determined by using capacitance-voltage (CV) MIS analysis. These results, along with
LBIC studies (which can detect smaller spatial changes), will be presented in
forthcoming publications.

2. In crystalline silicon solar cells, the amount and pattern of LID depend on the
structure and manufacturing process. Depending on the research groups working in
production and studies of the solar cells, degradation model and rate varies. Therefore
silicon solar cell community should work for establishing a universal degradation model.

3. Complete degradation of a solar cell takes about 3 days and working with
various cells is time consuming. Thus it is also necessary to establish a fast and accurate
degradation test method which can estimate long-term field degradation and lifetime.

4. As the lifetime degradation leads to significant loss of solar cell efficiency, the
reduction or elimination of the metastable defect has a high potential for improving CZ
silicon solar cells. The degradation can be lowered either by reducing one of the two

major components (boron or oxygen) of the metastable defect. This study clearly shows



101

that effort should be made to grow low oxygen contained CZ, or MCZ to eliminate LID
in crucible grown CZ.

5. Another alternative is to modify the cell design so that efficiency of the cell is
less sensitive to the bulk lifetime. The cell with high lifetime and sufficiently thin can
improve the degradation produced by the effect of light. If the lifetime of the wafer is 500
us, then the corresponding diffusion length will be around 1200 pm which is almost four
times the thickness of the solar cell (~300 pm).

6. The spatial non uniformity of multi-crystalline silicon needs to be further
investigated. If the trap responsible for LID is dependent on spatial distribution of oxygen
in wafer position in ingots, a model for the distribution of oxygen as a function of ingot
dimensions would be very helpful. Further investigations of light induced degradation
may provide alternative methods to mitigate or reduce the boron-oxygen complex in
finished solar cells. Effect of grain boundary region on light induced degradation should
be further studied.

7. So far, the determination of activation energy of association and dissociation of
boron-oxygen trap are based either on injection level dependent lifetime spectroscopy or
temperature dependent lifetime spectroscopy. If some changes in the DLTS techniques
will be able to detect energy of metastable trap, it would be a great accomplishment to
cross verify the results so far obtained or to open new ways for studying LID effect of
solar cells.

8. For the reduction in interface effect in LID, excellent and reproducible quality
SiNx:H should be deposited as antireflection and passivating layer, so that it remains

stable during illumination and Qr and Dj; will be as minimum as possible.
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9. This study confirms that LID is responsible for the efficiency degradation. It is
important to note that about 1% absolute loss in efficiency of a 16% efficient solar cell
amounts to a 6% reduction in the production capacity. In terms of monetary units, this
translates to $25 million/year loss for a 100 MW production plant, assuming a module
cost of $4/W,. Even for lower loss of efficiency to 0.5% absolute by improving the cell
structure, it will lower the cost by § 0.12/W,, which will be a big step towards DOE’s

Sunshot goal.
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