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ABSTRACT

This thesis aims to evaluate defects in the different Si solar cell materials in
use and being developed at the Centre for Photovoltaic Devices and Systems,
University of New South Wales with a view to understanding how they affect solar
cell performance A wide range of characterisation techniques (defect etching, optical
microscopy, electron microscopy, IR microscopy, FTIR, PL, EBIC, EDX, PIXE,
PIGE, RBS, hot probe, four point probe and C-V) were implemented on the various
materials investigated in this thesis. These investigations involved: a qualitative
evaluation of free carrier absorption in solar cells; the identification of process-
induced defects and clarification of their role in gettering processes in novel laser-
grooved solar cells; a systematic evaluation of intrinsic defects in cast polycrystalline
Si received from different manufacturers and correlating these defects to the open
circuit voltage, short circuit current density, fill factor and efficiency of laser-grooved
solar cells fabricated on these substrates; and the characterisation of novel solution-
grown Si layers being developed at the UNSW. Preferential defect etching coupled
with microscopy and EBIC techniques proved indispensible in these investigations.

Free carrier absorption in Si was reviewed and an empirical model for solar
cells presented Rough calculations from the model indicated that such absorption
can affect the long wavelength response of solar cells. This effect is enhanced in solar
cells incorporating light-trapping schemes

For the laser-grooved solar cell processing sequence, oxidation-induced
defects exposed via defect etching and previously thought to be dislocation etch pits
were correctly identified as S-pits. It was consequently shown that no dislocations
were induced by oxidation of planar or textured surfaces using normal oxidation
procedures. Thermal wave effects produced by pulsed-laser scribing of Si was
observed for the first time and was shown to getter oxidation-induced precipitates
Dislocation generation was observed in the groove region during P-diffusion and

drive-in  Preferential P diffusion along these dislocations was also observed and
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believed to enhance the gettering and passivating properties of P in laser-grooved
solar cells

For cast polycrystalline Si materials, spreadsheet analysis of interstitial oxygen
and subsitutional carbon, video microscopy and image processing of dislocations and
IR microscopy of inclusions allowed densitometric measurements for these defects
EBIC studies have suggested that dislocations were electrically active in grain
boundaries. An EBIC linescan technique for the evaluation of grain boundary
recombination velocities and intragrain diffusion lengths was also suggested
Preliminary correlations between intrinsic defects and solar cell output showed that
low interstitial oxygen concentrations resulted in higher cell short circuit current
density and efficiency.

For solution-grown Si, it was shown that the dominant dopant impurity came
from melt material (¢ g., Bi for Au-Bi melts and Al for Sn-Al melts). A major
obstacle to successful device fabrication was the formation of inclusions due to melt-
trapping mechanisms at the epilayer-substrate interface However, they were not
observed at the interface of solution grown layers Strain was observed for solution-
grown dilute-Ge Si;_,Ge, layers via PL measurements Such layers can potentially
contribute to efficiency enhancements in solar cells. EDX probing of an interfacial
layer between Si and glass have suggested the formation of an AlSiMgO compound
from which Si growth can proceed. The properties of this compound and Si growth

mechanisms on it are undergoing further investigation.
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CHAPTER 1

INTRODUCTION

1.1 The Promise of Photovoltaic Energy Conversion

Ever-increasing energy demand due to development is leading to depletion of
finite fossil fuel reserves. Furthermore, the concern over emission of greenhouse
gases and their environmental impact by burning fossil fuel may not make it possible
to utilise all of the known available reserves. Photovoltaic energy conversion via
solar cells have long been available as a 'clean' alternative energy source. However,
the prohibitive cost and low energy conversion efficiency of solar cells limited their
early use to remote area power generation (e.g., space exploration (Green, 1993))

The development of the laser-grooved solar cell by Wenham in 1986, saw a
vast improvement (50% relative) in solar cell efficiencies compared to commercially
available screen-printed cells at that time with no significant changes in cell processing
costs. Optimisation of cell processing led to efficiencies above 20% (Chong, 1989)
Recent pilot-line production at the University of New South Wales are turning out
efficiencies as high as 19.6% on large (45 cm?2) and small area (8 cm?) cells. The
theoretical limit for Si solar cell efficiency is 30% for the Auger-recombination limited
cell (Green, 1987, pp. 96-98). Further improvements to cell efficiency are possible by
a proper understanding of device characteristics, specially gettering and passivation
mechanisms occurring during laser groove processing

The main bulk of the cost in Si solar cell fabrication lies in the fabrication of
the starting Si substrate (Hunt, 1976) Cost reduction in the following areas in Si

growth will enhance the economic viability of photovoltaic energy conversion:



1) the inefficient and energy-intensive Siemens process for purifying
metallurgical grade Si to semiconductor grade Si,

2) Czochralski (CZ) growth of Si ingot from semiconductor grade Si and
subsequent slicing.

Cast polycrystalline material replaces CZ growth with a cheaper casting
process The quicker growth and relatively impure conditions save a lot of energy
from energy-intensive CZ growth. With a cheaper ingot, wastage from low yield
slicing processes become less significant.

Slicing of the ingot wastes half of the already costly Si material and produces
wafers which are thicker than required for optimum cell performance For a cell with
a randomised texture, this thickness is # 100 pm (Green, 1987, p. 96). The object of
solution-grown Si is to substitute the CZ growth with a less energy-intensive (low-
temperature) process The direct deposition of Si sheets on glass substrates
eliminates wastage from normal ingot slicing practices. With light trapping schemes
included, a sheet thicknesses of 20 um will result in insignificant losses in cell
performance compared to the savings made in producing the Si substrate. For such
thin sheets, the glass substrate is expected to provide the necessary mechanical
strength for cell processing. Glass is the usual encapsulant for solar cell modules and
actually acts as a superstrate for the solar cell structures envisioned for solution-
grown Si layers.

For the low cost materials mentioned above, defects are inevitable because of
their relatively fast and impure growth conditions. Some of these defects may be
electronically neutral and remain relatively unchanged during cell processing and,
therefore, contribute insignificantly to cell output characteristics. Such defects can be
tolerated in starting solar cell substrates. Most defects, however, impede carrier
photogeneration and collection by creating non-carrier generating light absorption
processes or by acting as carrier recombination or scattering sites (Chapter 3). A
need then exists for the proper evaluation of the impact of these defects on large area

devices like solar cells. Defect correlation studies on polycrystalline Si (Martinuzzi,



1987, El Ghitani and Martinuzzi, 1989a, b; Brenneman, 1990; Doolittle et al., 1990
and Hide et al., 1990) have underlined this need.

Defects need not be a liability to cell performance as extrinsic gettering studies
have proven (Rozgonyi et al., 1975; Schwuttke et al, 1977; Pearce and Zaleckas,
1979; Yang and Schwuttke, 1980, Hayafuji et al., 1981; Eggermont et al, 1983,
Swaroop, 1983 and Elwell and Hahn, 1984). It is believed that defects introduced .
during laser groove processing provide potential but unproven gettering mechanisms
(Wenham, 1986 and Chong, 1989) Such possibilities have been reported for intrinsic
defects in polycrystalline material as well (Sopori, 1988 and Seiter, 1987).

Characterisation of intrinsic (crystal growth) and extrinsic (material
processing) defects in Si solar cell materials then sheds light on the device
characteristics of solar cells and presents avenues for improving solar cell

performance.

1.2 Objective of Thesis

The objective of this thesis is to evaluate defects in the different Si solar cell
materials in use and being developed at the Centre for Photovoltaic Devices and
Systems, UNSW with a view to understanding how they affect solar cell performance
Process-induced defects in laser-grooved solar cells are to be identified and their role
in gettering clarified. Intrinsic defects in cast polycrystalline Si received from different
manufacturers are to be characterised systematically and correlated to cell open circuit
voltage, short circuit current density, fill factor and efficiency Solution-grown Si
layers being developed at the UNSW are to be characterised in the hope of providing
direction to appropriate strategies for the growth of Si on glass for solar cell

fabrication

1.3 Scope of Thesis
An understanding of defects and how they affect solar cell performance will be

essential in understanding the results presented in this thesis. A brief description of



defects occurring in the Si lattice is presented in Chapter 2 with more extensive
treatments cited in references Chapter 3 is a general discussion on how defects affect
solar cell performance. The electrical activity arising from them is described in some
detail The discussion on free carrier absorption is a first attempt in considering its
effect on solar cell performance. A suggestion on how to incorporate it satisfactorily
into solar cell equations is made. It will be shown that the red response and, hence,
the light trapping property of solar cells will be affected the most by such absorption.
Chapter 4 describes the development of characterisation equipment and
techniques necessary to identify defects (described in Chapter 2) and their effects
(Chapter3) Particular attention is given to the techniques used to extract the results
in Chapters 5, 6 and 7 Electron Beam Induced Current (EBIC), preferential-defect
etching and microscopy will prove to be indispensable tools in all three chapters.
Chapter 5 re-examines oxidation-induced damage identified by Chong (1989)
in laser-grooved solar cells Defect-etching of wafers will show that the previously
identified dislocation etch pits are actually S-pits which come from precipitate
formation due to contamination from polishing, furnace materials during thermal
processing and/or chemical baths for device processing or material evaluation The
laser-grooving procedure will be identified as the main defect-generating step in the
process and the extent and nature of the damage will be discussed in detail. An
interesting 'gettering’ effect during pulsed laser processing will be explained in terms
of thermal waves as are dark bands surrounding a laser scribed oxide observed only in
a scanning electron microscope. This is the first time that such an effect has been
reported during pulsed laser processing of Si and provides interesting material for
future processing applications not only for solar cells but for other devices as well.
The chapter concludes by providing a gettering model for laser-grooved solar cells
The sintering step will be identified as the most effective gettering step in the process
where all the gettering mechanisms (P, Al and laser damage) act in unison over the

whole cell volume.



Chapter 6 concerns the development of characterisation techniques for the
systematic evaluation of intrinsic defects in cast polycrystalline Si material produced
by different manufacturers Dislocations, inclusions, substitutional carbon content and
interstitial oxygen content are the main defects to be considered in this chapter Only
grain boundaries show significant recombination activity during EBIC investigations
Dislocations seem to be active only when located along grain boundaries
Recombination activity from inclusions is difficult to observe although they are
expected to hinder the generation of carriers in the solar cell. Comparison of EBIC
linescans along grain boundaries with an existing model (Dimitriadis, 1985) makes
possible the interpretation of such linescans in terms of grain boundary recombination
velocity and grain diffusion lengths. An initial attempt to correlate defects to cell
open circuit voltage, short circuit current density, fill factor and efficiency indicates
that effects due to interstitial oxygen concentration dominate effects coming from
other defects It will be shown that decreasing interstitial oxygen concentration
improves cell short circuit current and efficiency This result is consistent with
previously reported results (Doolittle et al., 1990 and Hide et al., 1990)

Chapter 7 deals mainly with the characterisation of Liquid Phase Epitaxial Si
(Lee, 1990 and Shi, 1992a) and Si;_,Ge, (Healy et al., 1991) layers. The main reason
for this is to be able to identify the appropriate strategy for growing Si on glass for
solar cell fabrication Liquid-Phase Epitaxial layers grown at very low temperatures
with Au60wt%Bi melts are shown be n-type with dopant concentrations in the 1017-
1018 ¢cm3 as spreading resistance analysis shows. Proton-Induced X-ray Emission
(PIXE) measurements identify large amounts of Au and Bi in the sample due to
trapped melt material at the interface between the grown layer and the substrate This
is verified by IR microscopy and Energy Dispersive X-ray (EDX) analysis on an
exposed inclusion particle along a cleaved edge of a typical LPE Si layer grown from
Au60wt%Bi. Arsenic, a suspected impurity in Au material, is also detected in
concentrations comparable to dopant concentrations from spreading resistance

analysis. Photoluminescence analysis, however, positively identifies Bi as the dopant



impurity Arsenic identified in PIXE analysis can then be attributed to an artifact
arising from the random summing of L X-rays from Au and Bi as curve-fitting
experiments on Au-Bi melts showed a better fit assuming As was not present
(Hotchkis, 1991).

EBIC studies on epilayer substrate interfaces show strong electrical activity
arising from inclusions as they are located right at the junction area. Defect etching of
similar layers reveal similar inclusion distribution to the EBIC contrast observed
Dislocations are also apparent in the defect etched epilayer Junctions fabricated from
n/p LPE layers produced a cleaner interface with weaker electrical activity from
epilayer-substrate inclusions as they are located farther away from the active junction
region Improved epilayer characteristics using Sn-based melts have resulted in solar
cells with open circuit voltages exceeding 600mV and efficiencies up to 8 5 % (Shi et
al., 1992a)

Strain in dilute-Ge Si;_,Ge, alloys grown with the same melt is identified via
photoluminescence measurements (Chan et al., 1992). An attempt to expose misfit
dislocations is obscured by the already high dislocation density of the layers The
order of magnitude difference observed in dislocation density for x = 0.03 and
x = 0 19 layers may indicate that the observed dislocations are threading dislocations
originating from misfit dislocations. Cells fabricated from unstrained Si;_,Ge, alloys
show recombination activity arising from the observed dislocations when examined
under EBIC. Activity from inclusions are likewise observable These strained layers
may find application in solar cell fabrication (Healy and Green, 1992).

Finally, the realisation of Si growth on glass via rheotaxy (Shi et al , 1992b)
allowed the use of higher temperatures for solution-growth. EDX probing of an
interface layer apparent along a cleaved section of a Si on glass sample reveal a
possible nucleation mechanism for such growth The presence of Mg and Al
indicates that O on the surface is being depleted by these elements exposing a Si-rich
surface suitable for crystal growth. Defect etching of Si on glass layers display a

twinning structure reminiscent of Si on sapphire (Nolder et al., 1965).



Acronyms, relating mostly to characterisation techniques, have been explained
in appropriate locations in the text of this thesis. However, a list is given in Appendix

C in case they prove too hard to locate.



CHAPTER 2

DEFECTS IN SILICON

2.1 Classification of Defects

Defects in the Si diamond lattice can be classified into the following
categories” point, line, area and volume (van Bueren, 1960). This is a 'dimensional’
classification of the defects, i. e., zero-dimensional, one-dimensional, two-dimensional
and three-dimensional respectively One may think that such a classification puts too
much emphasis on structure and ignores the electrical activity of the defects
However, such activity actually stem out from the actual physical imperfections in the
Si lattice (broken lattice bonds). Defects in semiconductors have been recently

reviewed by Boer (1990, Part V).

2.1.1 Point Defects

Figure 2.1 illustrates a variety of point defects on a two-dimensional lattice.
Figure 2 1a) shows a self-interstitial, 2 1b) is a vacancy, 2.1c) is a substitutional
impurity atom, 2.1d) is an interstitial impurity atom. A more exhaustive listing of
such defects (including systems of point defects) is given by Boer (1990, pp. 432-
434) Such defects introduce lattice strain among its neighbouring lattice sites. The
amount of strain present is determined by the size and concentration of the point
defect.

Point defects move through the Si lattice by diffusion. Diffusion can proceed
in several ways depending on the point defect involved. Self-diffusion occurs among

lattice atoms at high temperatures. Impurities normally associate with a vacancy, a
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Figure 2.1. Point defects in Si: a) vacancy, b) self-interstitial, c) substitutional

impurity and d) interstitial impurity.



lattice atom, or an interstitial site for diffusion. The diffusion of the impurity in the Si
crystal depends on the temperature and impurity concentration of the Si crystal The
maximum amount of impurity the Si lattice can support at a certain temperature is
usually expressed in terms of solid solubility

The investigation of point defects in Si is a very large field. The subject of
dopant impurities alone comprises a major field of study in device processing (dopant
diffusion, ion implantation, heavy doping, etc...). The behaviour of point defects has
been of vital importance in understanding these processes. A good review on the

creation and motion of point defects is given by Boer (1990, Chapter 19)

2.1.2 Line Defects

Line defects come in the form of dislocations Two types of dislocations are
possible in the Si lattice, namely, edge and screw dislocations Figure 2.2 shows the
distinction between the two-" the lattice deformation brought about by the defect We
can think of edge dislocations as the result of inserting or removing partial planes of
atoms in the lattice and screw dislocations as a fault in stacking the atoms in which
part of the upper plane of atoms join part of the lower plane This difference is
normally quantified in terms of the burger's vector of the defect The burger's vector
is formed by drawing a polygon consisting of an equal number of lattice atoms on
each side around the defect (Boer, 1990, p. 440) In a perfect lattice, these polygons
are closed However, in the presence of a dislocation, an additional vector is needed
to close the polygon. This vector is the burger's vector of the defect It can easily be
seen that the burger's vector of an edge dislocation is perpendicular to it while that of
a screw dislocation is parallel to it. For the materials used in this thesis, screw
dislocations were rarely observed and more empbhasis is placed on the edge dislocation
in the following discussion. Examples of dislocations in Si are illustrated in Figure
5.2.

Dislocations can move through the lattice via glide or climb Dislocation glide

normally proceeds parallel to its burgers vector along its slip plane, the plane defined

10



Figure 2.2. Types of dislocations in Si: a) edge dislocation and b) screw dislocation.

The burgers vector b is shown for each dislocation type.

11



by the burgers vector and the line defect This is more easily pictured as sideways
motion of the inserted plane of atoms. If the motion proceeds perpendicular to its slip
plane, the motion is referred to as dislocation climb which can be pictured as upwards
motion of the extra plane of atoms. Partial climb, which is more likely to occur, is
referred to as a jog. Dislocation motion ends when it encounters another defect (the
Si surface, an impurity atom, another dislocation, an inclusion or a grain boundary,
etc .) They are then said to be 'pinned' down by the defect

An interesting effect occurs when a pinned dislocation is subject to shear
stress perpendicular to the dislocation Dislocation loops (Frank and Read, 1950) are
formed sequentially with the process repeating itself periodically as long as the stress
is present

When a layer composed of material with lattice constant g is grown on a
substrate with lattice constant » (a#b), the resulting misfit can generate edge
dislocations along their interface These dislocations are called misfit dislocations and
are illustrated in Figure 2.3. These dislocations come from grown-in threading
dislocations (Matthews and Blakeslee, 1974) which propagate from the sample
surface through the interface and into the other layer. When the misfit between the
two layers cannot be accommodated by strain, threading dislocations bow and
elongate along the interface creating a segment of interfacial misfit dislocation
Si;xGey on Si (section 7.3) and heavily diffused layers (section 2.2.2) are examples

of structures where misfit dislocations can be observed.

2.1.3 Area Defects

The most obvious area defect in any crystal is its surface. The numerous
broken lattice bonds on the top, bottom and side surfaces of the crystal easily make it
the largest crystal defect. The surface of Si crystals is normally covered with native
oxide ~3 nm thick. This easily oxidised surface makes Si the most commonly used
semiconductor for device fabrication as the oxide layer is capable of neutralising

surface defects

12
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Grain boundaries are the next most important defect in polycrystalline Si
These can be classified according to how much misorientation is present in the
adjacent crystals. A twin boundary is formed when lattice atoms from one side of the
boundary form the mirror image of the ones on the other side. The simplest form of a
twin boundary is a stacking fault where no dangling bonds are formed along the
boundary Stacking faults are terminated by partial dislocations (Nabarro, 1967)
Stacking faults can grow or shrink by the emission or absorption of vacancies or self-
interstitials

Twin boundaries are classified as coherent or incoherent depending on
whether the twin plane is identical to the boundary plane (Matare, 1971, p 149)
Coherent twins have twin planes identical to the boundary planes and with minimum
disorder resulting along the boundaries. Incoherent twins have boundary planes
different from the twin planes resulting in twinning dislocations. Such higher order
twins contain vacancy lines similar to an array of edge dislocations in low angle grain
boundaries (Boer, 1990, p. 450).

Low-angle grain boundaries consist of a few degrees (6<5°) misorientation
between the adjacent crystals (Matare, 1971, pp 91-94). The angle of misorientation
6 can normally be described in terms of dislocation spacing d 6~b/d where b is the
magnitude of the burgers vector. As the angle of misorientation increases, the
number of dislocations along the boundary increases. Large angle grain boundaries
may incorporate other defects like vacancies, precipitates or inclusions.

Interfaces arising from the growth of Si 