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ABSTRACT 

 

Multicrystalline silicon (mc-Si) is the most used absorber in photovoltaic (PV) cells at 

present.  If efficiencies are to improve in this established technology a better understanding of 

how minority carrier lifetimes are reduced is necessary.  The capture of minority carriers by 

states associated with extended defects is known to play a major role in reducing minority carrier 

lifetimes.  Energy levels introduced into the silicon bandgap often have electrical activity or 

optical signatures that can provide clues as to the structural or chemical origin of a particular 

level.  This work utilizes electron beam induced current (EBIC), cathodoluminescence (CL) 

imaging and spectroscopy, photoluminescence (PL) imaging, and nano-scale chemical analysis 

to provide new insight into the origin of the electrical and optical properties of extended defects 

in mc-Si wafers and PV cells.  A new interpretation of the temperature dependence of EBIC 

contrast is formulated based on observations of an anomalous form of the contrast vs. 

temperature curves as well as evidence of high impurity content.  In addition an attempt is made 

to determine the origin of specific types of defect related emission as well as how this emission 

is influenced by processing steps applied to mc-Si wafers.  Nano-scale chemical analysis is used 

to reveal the origin of the observed luminescence. 
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CHAPTER 1. 

INTRODUCTION 

Crystalline silicon constitutes around 90% of the photovoltaic cells in use today.  As 

demand for PV increases so does the need for cost effective feedstock and production methods 

which allow enhanced penetration of silicon PV into the total energy market.  The most prevalent 

form of silicon used for PV cells is mc-Si produced by the directional solidification process.  The 

focus on cost minimization for production of poly-Si PV has led to relaxed feedstock purity 

requirement that have introduced high impurity content into the mc-Si.  In addition the 

directional solidification inherently introduces structural defects into the material such as grain 

boundaries and dislocations. Understanding the effects these features have on PV cell 

performance as well as how processing conditions are related to their origin is of vital 

importance if conversion efficiencies are to be maximized and costs minimized.  In order to 

effectively study all aspects of these performance limiting regions of mc-Si wafers used for PV 

cells a variety of characterization methods must be employed.  This is due to the fact that while 

the decrease in conversion efficiency ultimately occurs on the atomic scale through interactions 

of charge carriers with impurities and crystallographic defects, the regions where this is most 

dominant can be easily identified at the wafer or cell level.   The following document presents 

the results of three studies concerning the electrical and optical activity of extended defects in 

mc-Si wafers and PV cells.  A description of the techniques used can be found in the appendix. 

The first study focuses on how impurities affect the recombination activity of extended 

defects through intentional contamination.  Temperature dependent electron beam induced 

contrast behavior was experimentally observed that could not be described by existing models.  

This is an important result as the mc-Si PV industry is increasingly using lower purity feedstock 

to achieve reduced cell and module costs.  In order to understand the origins of the 

recombination behavior at extended defects in cells produced from this feedstock it is shown that 

one must determine the energy, concentration, and parameters of all the defect levels present at a 

particular defect when analyzing the recombination activity.  The major contributions of this 

work are a new interpretation of EBIC contrast at extended defects in impurity rich mc-Si as well 

as the direct correlation of impurities with recombination activity through site specific nano-scale 
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characterization.  This work is crucial to achieve an accurate interpretation of EBIC contrast at 

defects in industrial mc-Si cells produced from lower purity feedstock. 

The second study concerns a change in sub-band gap luminescence at extended defects 

that is enacted by particular wafer processing steps.   A change in intensity, initially attributed to 

defect clusters, was identified with defect band PL imaging after specific processing steps.  Upon 

further investigation this behavior was identified to be a property not of the entire defect cluster 

but specific defects within the cluster.  The concentration of a particular type of defect will 

dominate the macro-scale behavior of the entire cluster.  Two types of defects, identified as grain 

boundaries of different degrees of misorientation, were identified by the defect luminescence 

intensity and recombination activity to be the dominant features limiting conversion efficiency in 

these mc-Si wafers.  Small angle grain boundaries were found to have increased recombination 

activity after the application of a SiNx:H anti-reflection coating.  Oxygen was also identified at 

the small angle boundaries prior to the ARC application and at both defects after the application. 

Oxygen is known to have a negative impact on collection efficiencies.  The major impact of this 

study is the finding that typical processing steps applied to mc-Si wafers change the 

recombination activity of extended defects in mc-Si wafers, of which there are two dominant 

types.  In particular the need to minimize the presence and or the electrical activity of small angle 

grain boundaries is crucial in order increase mc-Si cell efficiencies. 

The third study focuses on the identification of the mechanism or mechanisms 

responsible for the luminescence observed at specific extended defects in mc-Si wafers.  

Through energy resolved defect band luminescence imaging, several different ranges of emission 

were identified at different locations.  Cathodoluminescence spectroscopy confirmed the 

expected emission from several defects and also identified the possible energy levels involved in 

the transitions.  These levels were correlated with EBIC contrast at the defects as the observed 

levels should affect the local minority carrier lifetime.  Using in-situ EBIC/FIB sample 

preparation, these defects were then studied with TEM imaging and EDS.  Gold precipitates 

were found at and near the defects which were identified to be grain boundaries.  Gold has a 

negative impact on minority carrier lifetime in silicon and several of the detected energy levels 

are possibly related to the gold impurity atoms around the grain boundaries. 
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Abstract 

Much work has been done to correlate electron-beam-induced current (EBIC) contrast 

behavior of extended defects with the character and degree of impurity decoration.  However, 

existing models fail to account for recently observed contrast behavior of defects in heavily 

contaminated mc-Si PV cells. We have observed large increases in defect contrast with 

decreasing temperature for all electrically active defects, regardless of their initial contrast 

signatures at ambient temperature.  This negates the usefulness of the existing models in 

identifying defect character and levels of impurity decoration based on the temperature 

dependence of the contrast behavior.  By considering energy levels introduced by transition 

metal impurities and extended defects into the band gap, an explanation of the anomalous 

behavior is provided.  It is shown that to effectively interpret contrast in heavily contaminated 

mc-Si it is necessary to consider the effects of multiple defect energy levels on the local minority 

carrier lifetime.  This approach is validated through nano-scale experimental evidence of several 

types of impurities identified at and near the structural defects.  The results of this work provide 

will allow  more accurate interpretations of EBIC contrast in real mc-Si cells as the industry 

moves toward  lower purity feedstock. 



5 
 

2.1 Introduction 

EBIC contrast of various types of extended defects, including grain boundaries, stacking 

faults, and dislocations, have been studied extensively [1-7]. Particular attention has been given 

to the temperature dependence of the EBIC contrast, as plots of contrast at dislocations (Cd) vs. 

temperature reveal information about extended defect character and impurity decoration[8-11]. 

There are several classifications of Cd vs. T behavior that have been previously described[11]. 

Type 1 behavior is represented by a positive slope and high contrast at room temperature and is 

related to high concentrations of deep level defects related to impurities and dislocation cores. 

Type 2 behavior is characterized by a negative slope and light or undetectable contrast at room 

temperature. Light contrast at 300K increasing with decreasing temperature represents defects 

decorated with metallic impurities in the 10
4
 – 10

6
 cm

-1
 range and shallow levels associated with 

strain. Type 2 defects showing little to no contrast at 300K are strain related or have 

concentrations of metallic impurities less than 10
4
 cm

-1
. Results of previous studies of the EBIC 

contrast of various extended defects have generally agreed with this model. One study however, 

revealed a large increase in contrast, for decreasing T, at grain boundaries, showing both high 

and low contrast at 300K[12]. This behavior was attributed to the increase of the reduced surface 

recombination velocity associated with the different boundaries. However, experimental data 

with this trend has only been reported for grain boundaries. 

Minority Carrier Lifetime in mc-Si 

The EBIC signal is formed by the collection of charge carriers after energy for their 

dissociation is provided via electron beam.  Image contrast originates from scanning the electron 

beam over a region where the local minority carrier lifetime is reduced from that of the bulk due 

to a high probability for recombination through deep levels.  EBIC contrast is inversely 

proportional to the local minority carrier lifetime and proportional to the number density of 

recombination centers, NT , and capture cross-sections σn and σp as indicated by equations 2.1 

and 2.2 which show the importance of understanding the factors that affect minority carrier 

lifetime when interpreting EBIC contrast[13].   

 2.1 



6 
 

thenT

noD
vN 


1

   2.2 

In high purity silicon, the cell efficiency is ultimately limited by Auger recombination.  

But in mc-Si PV material Shockley-Read-Hall (SRH) recombination or recombination through 

deep levels governs the minority carrier lifetime [14, 15].  SRH recombination lifetime, or τSRH, 

is a function of the density of states, carrier concentrations, carrier capture cross-sections, 

temperature, and energy separation of the defect level from the band edges and can be expressed 

for p-type silicon as  [15] 
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where NV and NC  are the valence band and conduction band density of states, ET  is the energy of 

the defect level referenced from the valence band edge, po  is the equilibrium hole concentration, 

and τno is the electron capture constant given by equation 2.2.  It is important to note that this is 

the SRH lifetime for low level injection conditions.  Under high level injection when the 

generated carriers are on the order of the doping concentration the SRH lifetime becomes 

influenced by additional factors.  This work exploits the dependence of minority carrier lifetime 

on temperature via changes in probability for thermal re-emission from shallow traps as 

described in previous work [11].  

The existing model for Cd vs. T 

The existing model for Cd as a function of temperature is summarized in Figure 2.1 where 

the H1 and H2 curves represent type 1 behavior described above and the L1 and L2 curves 

represent type 2 behavior.  The data points indicated in this figure were generally taken from 

induced defects with known geometries and silicon material with much higher purity than 

industrial produced mc-Si [11].  This information suggests that an interpretation of EBIC 

contrast that can be more universally applied to defective silicon material is needed.  The model 

of Kveder et. al. was formulated with the assumption that only intrinsic energy levels associated 

with the core structure (deep level) and strain (shallow levels) of dislocations are responsible 
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Figure2.1 The Cd vs. T behaviors identified by Kveder et. al. for heavy (H1, H2), light (L1, L2), 

and mixed contamination levels. 

for the recombination activity observed by EBIC.  The strain related shallow levels were taken to 

be in the range of 70-80meV in the existing model [11].  As EBIC contrast is indirectly 

proportional to the local minority carrier lifetime (eq. 2.1) one can visualize the effect these 

levels will have on EBIC contrast at low temperatures by plotting the theoretical lifetime vs. 

temperature for various energy levels.   

2.2 Experimental 

To formulate an interpretation of the temperature dependence of EBIC defect contrast 

associated with heavily contaminated mc-Si material, several samples were selected that were 

known to have concentrations of impurities that would be higher than the concentrations 

associated with traditional processing methods. The subject of the study was EG-Si that was 

intentionally contaminated with metallic impurities in the melt and processed into mc-Si PV 

cells. The cell studied was produced from a silicon melt with 200ppm iron added prior to 

solidification.  An uncontaminated EG-Si mc-Si PV cell was also analyzed so that experimental 

observations could be attributed to the presence of impurities. The EBIC measurements were 

performed on a JEOL 5800 SEM equipped with a liquid nitrogen cooled cold stage.  EBIC 

images were acquired at approximate intervals of 15K in the range from 100K to 300K.  Images 

were acquired with an accelerating voltage of 30kV and a beam current of 180pA for all three 

samples. 
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2.3 Results and Discussion 

EG-Si 

 

Figure 2.2 (a) The temperature dependence of EBIC contrast for the three defects indicated in the 

(b) 300K and (c) 110K EBIC images. 

The EBIC contrast as a function of temperature is shown in Figure 2.2a for the three 

defects indicated in Figures 2.2b and 2.2c.  Comparing Figure 2.2a with Figure 2.1 there is 

excellent agreement with the Kveder model.  These three defects represent the high deep level 

concentration regime (black line), the intermediate regime (red line) and the low deep level 

regime which is dominated by strain related shallow levels.  This is expected as the EG-Si 

sample should closely resemble the samples used to formulate the Kveder model.  Defect 

geometry should not significantly influence the contrast as these are two-dimensional defects that 

intersect the surface so there will be a portion of the defect present at the depth corresponding to 

maximum contrast.   Previous work has identified this depth as 1.2R where R is the penetration 

depth of the electron beam into the sample [16].  

200ppm Iron Added to the Melt 

The temperature vs. contrast behavior for a region of the mc-Si intentionally 

contaminated with iron (Figure 2.3a) exhibits a very different trend than either Figure 2.1 

(Kveder model) or the experimental results on the EG-Si sample in Figure 2.2.  Three 

discrepancies are important to note from the plot.  First, the contrast measured at the defects 

indicated in Figures 2.3b and 2.3c increases with decreasing temperature for all defects 

regardless of the room temperature contrast.   The defect's high room temperature contrast does 
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Figure 2.3 (a) The temperature dependence of EBIC contrast for the five defects indicated in the 

(b) 300K and (c) 110K EBIC images. 

not show the expected decrease at low temperature.  Second, the level of contrast at low 

temperatures is higher than predicted by the Kveder model, by around a factor of 2 for the low 

room temperature contrast defects.  The last observation is perhaps the most meaningful for the 

interpretation developed in this work.  Instead of the contrast increasing only after a certain 

temperature is reached, the contrast at all defects begins to increase as soon as the temperature 

decrease begins.  This is particularly obvious at the high contrast defect which should show a 

decrease in contrast at low temperatures. 

Interpretation Based on Multiple Energy Levels 

For the Kveder model considering the interaction of shallow strain related energy levels 

with one deep level (Figure 2.4a) the recombination rate is given by: 

DhDeMCMDeT RRRR         2.4 

where the terms indicate the transitions identified in the figure.  However if additional energy 

levels are associated with the defect (Figure 2.4b considers 5 defect levels) the recombination 

rate must be altered to take into account the interactions of these additional levels with the strain 

related levels as well as the interactions between the defect levels.  Modifying the recombination 

rate expression of eq. 2.4 to account for these transitions gives: 

DhDe
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Figure 2.4  Band diagrams for a positively charged defect in p-type silicon showing the 

transitions defining the recombination rate for (a) the Kveder model with one deep defect level 

and (b) the proposed interpretation considering additional deep defect levels. 

where the double summation term represents the possible transitions between the defect levels.  

Considering that the recombination rate is directly proportional to the EBIC contrast, eq. 2.1, the 

additional energy levels provide more recombination opportunities increasing the recombination 

rate and thus the EBIC contrast will increase.   

Effect of Temperature on Multiple Energy Levels 

If the theoretical minority carrier lifetime is plotted as a function of temperature for 

energy levels between 0.07eV and 0.56eV from a band edge as in Figure 2.5, the effect of 

multiple energy levels on the lifetime and thus EBIC contrast can be visualized.  The lower limit 

of the plot represents the effect of an energy level 0.56eV away from a band edge which has the 

most detrimental effect on minority carrier lifetime at all temperatures.  Considering this energy 

level in eq. 2.3 the minority carrier lifetime will be governed by the electron capture constant, eq. 

2.2.  The slight decrease in lifetime reduction is due to the decrease in the thermal velocity of 

carriers, νthe, in the denominator.   The curves representing energy levels farther than 0.25eV 

from a band edge are overlapping in the plot indicating that they have essentially the same effect 

on minority carrier lifetime under the assumption that the electron capture cross-section is the 

same for both levels.  If this is the case the overall concentration of defects with the greatest 

recombination strength increases as the curve associated with each energy level begins to overlap  
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Figure 2.5 Theoretical minority carrier lifetimes plotted as a function of temperature for the 

energy levels indicated in the key at the right. 

the 0.56eV curve.  As the electron capture constant, eq. 2.2, depends on the concentration, NT, of 

these levels the capture constant and thus lifetime will decrease with temperature as more 

shallow levels increase recombination strength.  If few energy levels are present at the defect and 

separated by an appreciable energy, it is possible to estimate the energy of the defect levels 

present based on the temperature at which they are activated.  Precise identification and 

quantification of properties such as concentration of each level present a formidable challenge 

for materials with unknown impurity content and defect geometries.  Based on the approach of 

the Kveder model consideration of one deep level results in the use of five fit parameters to 

quantify the concentration of deep levels.  As additional levels are considered the number of fit 

parameter becomes unmanageable and only a qualitative interpretation is available.  A new 

approach is necessary to facilitate quantification of such properties. 

Evidence of Multiple Impurities 

STEM Imaging and EDS Spectroscopy 

In order to validate the approach of considering multiple energy levels when interpreting 

EBIC contrast in heavily contaminated mc-Si material, nano-scale impurity analysis was 

performed on several defects indicated in Figures 2.6b and 2.6c and 2.7c and 2.7d.  Sample 

preparation was accomplished via the site specific in-situ EBIC/FIB liftout technique [17].   
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Figure 2.6 (a) STEM image showing precipitates with different contrast near the defect identified 

in the (b) 300K and (c) 110K EBIC images.  EDS spectra from the positions identified (a) as (d) 

position1 and (e) position 2.  

Scanning transmission electron microscopy (STEM) imaging and point mode EDS 

spectroscopy was conducted on the defect in the upper part of Figures 2.6b and 2.6c and the 

resulting image is shown in Figure 2.6a.  Multiple precipitates are visible in the STEM image 

and appear to be divided into two types based on their contrast.  EDS spectra acquired from the 

bright precipitate (Figure 2.6d) shows high concentrations of iron and oxygen.  This is expected 

the cell used was produced from a melt intentionally contaminated with iron and oxygen is 

usually present in cast mc-Si due to the use of silica crucibles.  EDS spectra from the less bright 

precipitate (Figure 2.6e) identifies the presence of carbon, iron, potassium, oxygen, and sulfur in 

fairly low concentrations though detectable by EDS.  While precipitates should not introduce the 

theoretically predicted energy levels, it is likely that some atoms of these elements are still 

present in the silicon bulk and not all have become part of the precipitates.  The local 

concentration necessary for precipitation suggests that many of these impurity atoms were 

present in the bulk before the various high temperature processing steps that would allow 
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precipitation.  The presence of multiple types of impurities enforces the approach taken in this 

work to interpret EBIC contrast in heavily contaminated mc-Si as these elements all have 

potential to introduce sub-band gap energy levels. 

Laser-Pulsed Atom Probe Tomography 

 

Figure 2.7  (a) Three dimensional reconstruction of the specimen showing regions with increased 

O concentration (blue features) and the corresponding mass to charge spectra (b).  (c) and (d) are 

EBIC images which indicate  the location chosen to prepare the specimen in (a). 

 Laser-pulsed atom probe tomography was used to study the defect position indicated in 

Figures 2.7c and 2.7d.  The uniform distribution of Si atoms (grey dots) in Figure 2.7a indicates 

uniform evaporation and thus there should be high spatial resolution for this sample.  This blue 

regions are iso-surfaces created where the concentration of the species identified as SiO was 5% 

higher than in the rest of the sample.  As these surfaces are primarily located along a planar 

feature this suggests a higher oxygen concentration at the defect which should negatively impact 

minority carrier lifetimes. 
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2.4 Summary 

In this work a region of a mc-Si PV cell that was intentionally contaminated with iron 

was studied.  This region exhibited EBIC defect contrast vs. temperature behavior that was not 

adequately described by the model of Kveder et. el.  An interpretation was developed in which 

the effect of multiple defect energy levels on minority carrier lifetimes was considered.  It was 

shown that a defect, in this case a grain boundary, that is associated with multiple defect levels 

will have contrast that increases with decreasing temperature due to the presence as well as 

concentration of multiple defect related energy levels.  Knowing that the material was 

intentionally contaminated with impurities TEM and APT analysis was performed to identify 

impurities.  The impurities C, Fe, K, O, and S were identified at and around the structural defects 

which validated the approach of considering multiple defect energy levels when interpreting 

EBIC contrast in heavily contaminated mc-Si, particularly at low temperatures.  This work 

identifies the need for new defect classifications in heavily contaminated material based on the 

form of the contrast vs. temperature curves and the increase in contrast observed at particular 

defects.  
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Abstract 

Luminescence imaging of adjacent mc-Si wafers processed to various steps of 

completion has revealed changes in recombination activity for specific grain boundaries.  Some 

boundaries identified as a particular type based on intensity of band-to-band and defect band 

emission are transformed to the other type after application of SiNx:H anti-reflection coating.  In 

this work two boundaries exhibiting opposite changes in defect type are studied with PL 

imaging, CL imaging and spectroscopy, EBSD, and EBIC.  The two defect transitions, from type 

A to type B, and from type B to type A are discussed in terms of radiative transitions, chemical 

characteristics, and orientation relationships.  Our results show that the type A to type B change 

is more significant in terms of understanding reductions in conversion efficiencies.  This type of 

behavior is associated with small angle grain boundaries that increase in recombination activity 

after the application of the SiNx:H ARC.  Determining how this processing step causes the 

increase in recombination strength is critical to improving mc-Si cell efficiencies. 

3.1 Introduction 

Photoluminescence imaging of silicon has proven to be a valuable tool in studying the 

spatial distribution of minority carrier properties over entire wafers[18]. In addition to the study 

of unprocessed wafers and finished cells, PL imaging can also be successfully performed on the 

wafer after other processing steps[19]. This is particularly useful for studying defects in mc-Si 
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PV cells as the change in activity after various processing steps can yield information regarding 

the nature of the defects.  Recently, the use of InGaAs cameras instead of Si CCDs has enhanced 

the range of detectable wavelengths into the near IR allowing for the imaging of radiative 

transitions associated with sub-bandgap energy levels, provided that the band-to-band emission 

is removed using appropriate filters[20]. While this provides information about the intensity of 

the DBL, precisely determining the energy of the emitted photons requires spectroscopic 

techniques. Cathodoluminescence spectroscopy studies of defect band emission in Si have 

identified several common levels and provided insights into their probable origin[21, 22]. 

SiNx:H Anti-Reflection Coating Application 

SiNx:H anti-reflection coatings are typically applied to mc-Si wafers by a plasma-

enhanced chemical vapor deposition (PECVD) process.  Typical temperatures for PECVD 

deposition of SiNx:H ARC range from 250˚C to 450˚C[23].  Thermal treatments in this range of 

temperatures has been shown to reduce the concentration of interstitial iron through internal 

gettering associated with extended defects and grain boundaries[24]. This gettering of impurities 

by various defects can change their electrical and optical activity and it is important to consider 

this mechanism when investigating these types of changes.  PECVD grown SiNx:H  ARCs have 

also been shown to passivated surfaces as well as the bulk of mc-Si PV material [25]. 

Defect Classifications 

In recent years several groups have classified defects based on their band-to-band and 

defect band luminescence.  One classification scheme is based on defect luminescence in the 

energy range 0.72-0.85eV [26].  This classification scheme is not appropriate for this work as the 

defect luminescence studied is in the range of 0.95-0.72eV so contributions from other radiative 

transitions are considered.  Thus this work adopts the classifications of another study that 

describe the in initial luminescence observations from the samples used.  Type A classifications 

are identified as having reduced band-to-band recombination and low defect luminescence 

whereas type B defects also have reduced band-to-band recombination but exhibit strong defect 

luminescence [27].   

 



19 
 

An adjacent type A and type B defect are the focus of this work.  A series of adjacent 

wafers were processed to different levels of completion and the change in recombination activity 

was studied at each step.  A significant change was noted in the intensity and location of sub-

band PL emission after the ARC application step.  Some defects that were identified as type A 

before the ARC step showed type B behavior after the ARC step.  An analogous observation was 

made for some defects that were initially type B.   

3.2 Experiment 

A NIR InGaAs Camera (320 x 256 pixels) was used for PL imaging. The excitation 

source was 4 30W 810nm laser diodes that provided the intensity of approximately 1 sun. The 

band-to-band emission was filtered using RG1000 Schott glass filters to image with sub-band 

gap photons.  The specimens were cooled to 78K to enhance the relative intensity of the defect 

luminescence.  Laser scribing was used to remove regions exhibiting strong defect luminescence 

for further study.  EBSD orientation maps were collected on an FEI Nova NanoSEM equipped 

with EDAX Hikari camera and EDAX OIM analysis software. CL spectroscopy was performed 

on a JEOL 7600FESEM at cryogenic temperatures with an Acton 500spi spectrograph and 

1.7um InGaAs detector.  Spectra were acquired for 10 seconds operating in spot mode.  TEM 

samples were prepared using a FEI Nova 200 dual-beam workstation with the EBIC/FIB lift-out 

technique and the images were taken on a FEI Tecnai F20-UT microscope operating at 200 kV. 

EDS spectra were acquired in spot mode both on and away from the boundaries.  The samples 

used were taken from p-type wafers. 

3.3 Results and Discussion 

Band-to-band PL images of the wafer are shown in Figure 3.1 before and after the ARC 

application.  Comparing the before and after images (top and bottom), the same boundaries are 

generally present in both images.  One boundary that is visible is identified as Boundary Defect 1 

( BD1).  Some portions of the boundaries in 3.1 show significantly reduced contrast or no 

contrast at all indicating that their recombination strength has decreased as a result of the ARC 

application.  One such boundary is identified in Figure 3.1 as Boundary Defect 2 (BD2).  These 

 



20 
 

PL Imaging 

 

Figure 3.1  Band-to-Band and defect-band PL images identifying he boundaries used for this 

investigation. 

band-to-band PL images would suggest that BD 1 is likely to have a larger impact on minority 

carrier lifetimes as it exhibits contrast both before and after the ARC application and BD 2 

appears to have been somewhat passified by the ARC. 

When comparing defect band luminescence images of the same disks we observe an 

interesting phenomenon.  BD 1 shows strong contrast in the band-to-band image and no 

luminescence in the 1300-1700nm range for the sample prior to ARC application.  However, 

after the ARC application BD1 emits strongly in the 1300-1700nm range and still shows contrast 

in the band-to-band image.  The energy levels responsible for the recombination activity of BD1 

do not participate in radiative transitions before the ARC step, but afterward there are photons in 

the 1300-1700nm wavelength range detected.  These photons are byproducts of radiative 

transitions involving energy levels within about 0.38ev from a band edge.  A possible 

explanation is that before the ARC step BD1 contains high concentrations of deep levels ( farther 

than 0.38ev from VB and CB) and after the ARC step some of these levels are “semi-passivated” 

and move closer to a band edge and thus are more likely to emit detectable photons.   
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EBSD Orientation Mapping 

 

Figure 3.2 EBSD orientation maps of the region containing both a type A and type B defect (a) 

before and (b) after the ARC application. 

EBSD orientation maps for the region containing BD1 and BD2 are shown in Figure 3.2a 

and 3.2b for the sample before and after the ARC application respectively.  The different colors 

indicate the specific crystal direction that is normal to the sample surface.  The grain shapes are 

slightly different in the two images, but it is clear that the general morphology is retained for 

adjacent wafers.  Including kerf loss, it was estimated that the two samples were 300-600µm 

apart in the original casting so some inconsistencies are to be expected. BD1 the type A defect 

was identified as a small angle grain boundary with misorientation of approximately 1.8˚.  

Boundaries of this type have been suggested to show stronger EBIC contrast when decorated by 

metallic impurities than boundaries with larger random misorientations [28].  BD2 the type B 

defect was identified as a grain boundary with misorientation of approximately 60˚.  Σ3 twin 

boundaries also have this misorientation in silicon.  However, with one third of the lattice sites 

being common between the adjacent grains the typical boundary morphology of the Σ3 twin is a 

straight line which is not observed in Figure 3.2.  In addition the Σ3 twins are not expected to 

show strong PL contrast or EBIC contrast which is discussed in the next section. 

EBIC Imaging 

Contrast in EBIC images is a measure of the reduction in current collection proximal to 

defect features.  Figure 3.3a shows that BD1 has approximately twice the recombination strength 

as BD2.  The lack of defect luminescence and high EBIC contrast at BD1 suggests the presence 

of defect levels farther than 0.38eV from the conduction band.  This type of level should 
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Figure 3.3  EBIC images acquired at 300K for the ROI (a) before and (b) after the SiNx:H ARC 

application. 

significantly reduce minority carrier (electrons in this case) lifetimes and be out of the detection 

range of the InGaAs detector.  In addition this type of level is more likely to be involved in non-

radiative transitions as a result of Shockley-Read-Hall statistics [15].  BD2 also shows EBIC 

contrast in addition to strong luminescence in the 1300-1700nm wavelength range.  At room 

temperature, energy levels farther than approximately 0.2-0.25ev from the band edge will 

contribute to the EBIC contrast as they will significantly affect local minority carrier lifetime and 

thus EBIC contrast.  This energy corresponds to wavelengths greater than 1360nm.  The reduced 

contrast at BD2 could be due to either shallower energy levels or perhaps a lower concentration 

of defect energy levels which would affect the electron capture constant that is inversely 

proportional to the concentration of defect levels. 

After the ARC application different EBIC contrast is observed at both defects (Figure 

3.3b).  The contrast at BD1 significantly increases from 22% to 34% which means it has become 

much more detrimental to minority carrier lifetimes.  However, from the large increase in defect 

band luminescence an increase in shallow defect levels is expected.  Considering this, the high 

EBIC contrast and high intensity defect luminescence may in fact be due to two distinct defect 

energy levels.  The EBIC contrast at BD2 decreases from 10% to 6%.  The decrease in contrast is 

also visible in the band-to-band PL images in Figure 3.1.  The decrease in contrast at BD2 may 

be due to a reduction in the concentration of defect levels at the boundary after the ARC 

application. 
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CL Spectroscopy 

 

Figure 3.4 CL spectra acquired at 95k from on (red curve) and off (black curve) for BD1  (a) 

before and (b) after the ARC application. 

 

Figure 3.5 CL spectra acquired at 95k from on (red curve) and off (black curve) for BD2 (a) 

before and (b) after the ARC application. 

CL spectra both on and off BD1 are shown for the boundary before (Figure 3.4a) and 

after (figure 3.4b) the ARC application.  The black curve is the spectra acquired away from BD1 

and in addition to phonon-assisted band-to-band peak, there is a broad peak ranging from near 

0.92eV to just above 1eV that appears to be to peaks overlapping.  The two overlapping 

transitions are identified to be centered at 0.94ev and 1eV.  These levels have previously been 

attributed to the shallow D3 and D4 dislocation related emission in silicon [29].  Detection in 
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away from boundary BD1 may be due to dislocations in the grain interior.  The red curves from 

on BD1 appear similar both before and after the ARC application.  A broad peak is detected from 

near 0.87eV to the lower limit of the detector at around 0.78eV.  Where the peak seems to be 

decreasing in intensity in Figure 3.4a the sharper decrease in the low energy side of the peak in 

Figure 3.4b after increasing intensity at higher energies may be due to the lack of detector 

sensitivity below 0.78eV.  Based on the CL spectra BD1 would not be expected to show 

significantly increased defect band PL.  The fact that it does may be due to the difference in 

sensitivity of the detectors used for PL imaging and CL spectroscopy. 

The spectra for BD2 in Figure 3.5 are also unexpected based on the defect band PL 

results.  The fundamental peak from BD2 before the ARC application is much more intense than 

the same peak in any of the other measurements.  As BD2 shows band-to-band PL contrast 

before the ARC application this peak should be suppressed relative to the surrounding regions.    

Also, the defect emission from BD2 appears to contain the same transitions but after the ARC 

application the peak near 0.85eV has significantly increased in intensity.  Like the BD1 spectra 

this does not match with the behavior expected from the defect band PL that virtually disappears 

after the ARC application.   

TEM Analysis 

 

Figure 3.6 (a) HRTEM image of BD1  before the ARC application accompanied by (b) EDS 

spectra from BD1 identifying oxygen at the boundary. 
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Figure 3.7 (a) Bright field TEM image showing the general structure of BD1 and (b) EDS 

spectra from BD1 after the ARC application. 

 

Figure 3.8 (a) Bright field TEM image showing the general structure of BD2 and (b) EDS 

spectra from BD2 after the ARC application.  

 

Figure 3.9 EDS spectra away from both BD1 and BD2 after the ARC application indicating 

oxygen is present throughout the region. 
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The results of CL spectroscopy on BD1 and BD2 identified several defect levels present 

at the boundaries but failed to enforce or further illuminate the cause of the intensity change 

observed in the defect band PL images in Figure 3.1.  Using in-situ EBIC/FIB site specific 

preparation TEM cross-sections were prepared containing BD1 and BD2 before and after the 

ARC application.  A HRTEM image of BD1 in Figure 3.6a shows the small misorientation of the 

adjacent grains as lattice fringes can be seen on both sides of BD1.  Oxygen was detected with 

spot mode EDS from BD1 before the ARC application but not at BD2.  There was also no 

oxygen detected in the regions surrounding BD1.  This supports the findings of Tajima that 

suggest oxygen precipitation is very likely on grain boundaries with misorientations of 1-2˚ [30].  

However, after the ARC application oxygen is detected at and surrounding both BD1 and BD2 

(Figures 3.7b and 3.8b).  This indicates that oxygen impurities are related to the changes at BD1 

(increased recombination activity and defect luminescence) and BD2 (decreased recombination 

activity and defect luminescence).   From Figure 3.8a it is clear that there are more structural 

defects in the BD2 region and these may also play a role in the observed changes.  It is well 

known that oxygen impurities introduce a variety of energy levels into the silicon band gap [31].  

Mc-Si is cast using silica (SiO2) crucibles and though silicon nitride coatings are utilized to 

reduced oxygen diffusion from the crucible they are not totally effective.   

3.4 Summary  

Through the investigation of the observed defect band PL intensity change provided in 

this work, there were several important findings.  The first is that there appear to be two type of 

defects that dominate the PL contrast in these wafers that can be identified by their defect band 

luminescence signature.  EBSD orientation mapping revealed that the two types are associated 

with small angle grain boundaries in one case and higher angle randomly oriented boundaries in 

the other.  The second important observation is that the small angle grain boundaries have 

increased intensity of defect luminescence and significantly increased EBIC contrast  after the 

application of the SiNx;H ARC.  On the other hand, the randomly oriented higher angle grain 

boundaries showed decreases in both defect band luminescence intensity and EBIC contrast after 

the ARC application.  Prior to the ARC application oxygen was observed only at the small angle 

grain boundary and not in the surrounding regions.  However, in the sample that had undergone 

the treatment oxygen was detected at the small angle boundary, the large angle boundary, and in 
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the surrounding regions.  Oxygen is known to introduce energy levels into the silicon bandgap 

which can affect recombination as well as observed luminescence.  Understanding why the 

application of a SiNx:H ARC could affect the spatial distribution of oxygen in mc-Si is crucial to 

why defect luminescence intensity changes are observed.  It may be necessary to employ nano-

scale characterization techniques with greater chemical sensitivity such as laser-pulsed atom 

probe tomography or synchrotron-based XRF mapping to fully understand the role of oxygen in 

the observed phenomena.  In addition the changes in luminescence, observation of oxygen at 

small angle grain boundaries confirms the possible role impurities play in the increase of 

recombination activity at these types of boundaries.  It is necessary to understand how the ARC 

application causes the observed increase of recombination activity and whether the chemical 

interaction of the ARC, or the processing temperatures are responsible.  This will be the focus of 

future work as reducing this effect will lead to increased efficiencies of mc-Si PV cells produce 

from this type of wafers. 
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Abstract 

The origin of defect luminescence in silicon has eluded researchers for decades since the 

first observations.   One of the significant challenges has been moving from the length scale 

where defect luminescence is typically observed to atomic scale observations while observing 

the same defect.  The reason for this is that it has been impossible to locate, isolate, and then 

study with atomic-scale resolution the defects responsible for the observed emission.  Here we 

present an explanation of defect luminescence based on the results of photoluminescence (PL), 

cathodoluminescence (CL), electron beam induced current (EBIC) and high resolution 

transmission electron microscopy (HRTEM).  The ability to relate the defect luminescence to 

atomic scale structural and chemical identity of extended defects stems from HRTEM analysis of 

specimens prepared via in situ-EBIC/FIB liftouts.  Metallic precipitates were identified on and 

near the defects identified as grain boundaries.  The detected impurities are known introduce 

energy levels that are near the observed defect luminescence. 

4.1 Introduction 

Photoluminescence imaging of silicon has proven to be a valuable tool in studying the 

spatial distribution of minority carrier properties over entire wafers[1].  The use of  near IR 

cameras allows the imaging of radiative transitions associated with sub-bandgap energy levels, 

provided that the band-to-band emission is removed using appropriate filters[2]. The structural 

and chemical factors responsible for the defect energy levels observed in photoluminescence and 

cathodoluminescence studies of silicon have been consistently debated within the silicon 
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community over many years [3-14].  Most agree that the D line emission classified by Drozdoz 

et. al. is a  result of the structural nature of crystallographic defects, thought the precise 

descriptions vary.  There are however other commonly observed peaks, the most popular of 

which is the peak near 0.79eV which is typically attributed to the presence of oxygen at the 

defect.  With all the work performed on this topic there has been no certain agreement on the 

exact structure responsible for the observed emission.  Even more controversial is the chemical 

or structural nature of observed defect energy levels not associated with the D line emission.  

This work aims to further illuminate the origin of several sub-band gap energy levels identified 

with PL imaging in the region chosen for this work. 

4.2 Experiment 

A NIR InGaAs Camera (320 x 256 pixels) was used for PL imaging. The excitation 

source was 4 30W 810nm laser diodes that provided the intensity of approximately 1 sun. The 

band-to-band emission was filtered using RG1000 Schott glass filters. Laser scribing was used to 

remove regions exhibiting strong defect luminescence for further study.  CL spectroscopy was 

performed on a JEOL 7600FESEM at 95K9i temperatures with an Acton 500spi spectrograph 

and 1.7um InGaAs detector.  Spectra were acquired for 10 seconds operating in spot mode.  

TEM samples were prepared using a FEI Nova 200 dual-beam workstation with the EBIC/FIB 

lift-out technique [15] after evaporation of aluminum and sputtering of gold to the form the 

Schottky and ohmic contacts respectively.  TEM images  and EDS spectra were taken on a FEI 

Tecnai F20-UT microscope operating at 200 kV. EDS spectra were acquired in spot mode as 

well as line profiles across the boundaries..  A circular region was cut with a laser from a defect 

cluster identified by PL imaging of an entire wafer.  Several defects that exhibited emission in 

different wavelength ranges were chosen for nano-scale analysis.  The material used was p-type 

silicon that had undergone the P diffusion step and the application of a SiNx:H ARC which was 

removed prior to CL, EBIC, and TEM analysis. 

4.3 Results and Discussion 

Figure 4.1a shows the PL image where the image intensity is proportional to minority carrier 

lifetime [16].  The dark line features in the image indicate where minority carrier lifetimes are 

reduced due to high concentrations of recombination centers.  It is clear from the image that  
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PL Imaging 

 

Figure 4.1 PL images showing the spatial variation of the intensity of (defect luminescence 

1300-1700nm) (b) band-to-band luminescence (1135nm) (c) and energy filtered PL defect band 

intensity over the 1cm disk identifying the shallow (green), intermediate (yellow), and deep (red) 

defects. 

there are multiple features in this region that will act to reduce minority carrier lifetimes.  In 

Figure 4.1b the phonon assisted band-to-band emission at 1135nm has been filtered out and the 

image intensity is proportional to emission in the 1300-1700nm range.  Photons in this range 

originate from transitions involving energy levels within the band gap of silicon.  Two 

interesting observations are made by comparing Figures 4.1a and 4.1b, (i) not all defects in 1a 

exhibit radiative sub-band gap transitions and (ii) the intensity of the defect related emission is 

non-uniform even along the same defect. 

A series of energy resolved sub-band gap PL images are shown in Figure 4.1c.  The first 

six images are in 50nm wavelength increments and the last shows the 1600-1700nm emission.  

Several defects at the top of the disk (green square) emit strongly in the wavelength range from 

1300-1450nm and weakly for longer wavelengths.  These defects will be referred to as the 

shallow level defects.   The yellow square identifies a defect that emits strongly in the 1450-

1500nm range and whose intensity rapidly decreases for both shorter and longer wavelengths.  
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This defect will be referred to as the intermediate level defect.  At the bottom of Figures 4.1c 

there is a defect that shows the strongest emission in the 1600-1700nm range that will be referred 

to as the deep level defect. 

EBIC Imaging 

 

Figure 4.2  EBIC images acquired at approximately 300K of the (a) shallow level, (b) 

intermediate level, and (c) deep level defect with contrast at these defects indicated in each 

image. 

The EBIC images in Figure 4.2 a, b, and c  reveal the recombination strength of the 

defects identified in the Figure 4.1c.  The “shallow” defect in Figure 4.2a shows strong 

recombination activity as the current detected at the defect is reduced by 24% relative to the 

current detected in the bulk of the adjacent grains.  The defect in Figure 4.2b which shows the 

“intermediate” emission centered at 0.844eV exhibits the greatest reduction in EBIC signal of the 

three defects studied with contrast of 35%.  The “deep” level defect shows the weakest room 

temperature EBIC contrast which is surprising as this defect exhibits very strong PL emission at 

wavelengths greater than 1600nm corresponding to energy levels of 0.775ev or less.   

These results are unexpected as based on the energy resolved defect-band PL images the 

shallow defect (Figure 4.2a) should contain a high density of shallow energy levels and the 

intermediate and deep levels should correspond to energy levels progressively farther from the 

fundamental band edge.  Defect energy levels increase in recombination activity the farther they 

are located from the band edges as the probability of trapped charge carriers being thermally re-

emitted to the nearest fundamental band decreases and probability of recombination increases 

[17].  As recombination strength increases the EBIC image contrast at the defect should increase 

proportionally.  This means that the EBIC contrast of the three defects studied should increase in 

the order of shallow, intermediate, to deep.  However, the increasing order of EBIC contrast 
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observed at the defects is deep, shallow, to intermediate.  This suggests that the energy levels 

observed with the energy resolved defect-band PL images are not responsible for the 

recombination activity indicated by the EBIC images.  It is important to note that the energy 

levels responsible for detectable EBIC contrast are usually greater than 0.25eV from a band edge 

and the levels that contribute to the defect-band PL are less than 0.38eV from a band edge. There 

is some overlap in the energy levels that can contribute to the EBIC and defect-band PL signals, 

however the discrepancy could account for the mismatch in the PL and EBIC results.  To better 

determine the energy levels associated with the three defects cathodoluminescence spectroscopy 

was performed at temperatures near the temperature at which the defect-band PL images were 

acquired. 

Cathodoluminescence Spectroscopy 

 

Figure 4.3. Spot mode CL spectra from the (a) shallow, (b) intermediate, and (c) deep defects 

indicated by the red curves.  Black curves represent spectra from the bulk around the defects. 

CL spectra from on (red curves) and off (black curves) the three defects are shown in 

Figure 4.3.  Peaks lower in energy than the phonon assisted band-to-band transition are identified 

at all the defects.  The peaks detected at both the intermediate and deep defects are in the 

appropriate energy range to support the results of the energy resolved defect band PL images.  

The shallow defect on the other hand did not show emission in the expected range and in fact a 

weak peak due to a deeper level at approximately 0.81eV was detected.  The spectra from the 

intermediate and deep defects indicate a high concentration of defects with energy levels of 

0.844 and 0.783eV respectively however the true peak of the lower energy level may be slightly 

lower in energy.  As both these levels are in the energy range that will contribute to contrast in 

the EBIC images, comparing ratios of the total intensity of the peaks and the observed EBIC 

contrast yield similar results.  These peaks are much more intense than the phonon assisted band-
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to-band transition.  The similar width of the fundamental peak and the defect peaks suggest the 

broadening is due to factors consistent over each experiment, namely 30kV electron beam 

accelerating voltage and specimen temperature.  Neither of these peaks correspond to the 

previously identified emission attributed to purely structural defects known as the D lines [3].  

The emission from the deep defect is similar in energy to a level that has been attributed to 

decoration by oxygen precipitates [13, 18]. 

Transmission Electron Microscopy  

 

Figure 4.4 STEM images of the three regions showing the (a) shallow defect,  (b) intermediate 

defect, and (c) the deep defect along with precipitates (red circles).  (d) EDS spectra identifying 

the particles as gold precipitates and (e) EDS spectra away from the particles. 

TEM cross-sections were prepared by the in-situ EBIC/FIB technique from the three 

defects identified in Figures 4.4a-c.  Interestingly Au particles were found to be present in all the 

cross sections prepared as indicated by the EDS spectra in Figures 4.4d and 4.4e.  Their sizes 

ranged from 5-20nm and the particles were located both at and proximal to the grain boundaries.  

Detection via imaging suggests an extremely high concentration of gold in this sample as the 

volume of the cross section is approximately 5 x10
-12

 cm
3
.  Considering a 10nm Au particle with 
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an fcc structure and lattice constant of 0.408nm the Au concentration can be estimated in a TEM 

section in the range of 6 x10
-9

 cm
-3 

to 8 x10
-8

 cm
-3

 from the TEM images.  As precipitates are 

observed and the estimated concentrations are well below the gold solubility at the melting point 

of silicon it is expected that there are still gold atoms in interstitial and substitutional positions.  

The effects of gold are discussed in the following section.   

Gold in Silicon 

Gold in silicon is known to introduce several energy levels and their activity is related to 

whether the bulk is n-type or p-type [19, 20].  These are levels at EC – 0.24eV, EC – 0.42eV, EC – 

0.48eV, EC - 0.545eV, and EV + 0.35eV[19, 21].  It has been suggested that in p-type silicon only 

certain levels are active, for example the acceptor level at EV + 0.35eV [20]. Both the defect-

band PL and the CL spectroscopy indicate emission involving energy levels near the gold levels 

of EC – 0.24eV and EV + 0.35eV localized at the intermediate and shallow defects respectively.  

If these levels are indeed due to gold, their presence in the defect-band PL images suggests that 

they are not induced by the gold back contact. 

Gold is commonly used as a Schottky contact for n-type silicon but can also be used as an 

ohmic contact in p-type silicon [22-24].  In one study gold is actually used to study impurity 

effects on defect contrast in n-type silicon by adding a concentration  10
13

 cm
-3

 of gold atoms 

[25].  In this study an uncontaminated sample showed no defect contrast stronger than 1% 

indicating the significant effect of gold on minority carrier lifetimes and recombination activity 

at extended defects. In addition to gold, other materials with questionable effects on minority 

carrier lifetimes are often used to form contacts with silicon.  Titanium has been used as a 

Schottky contact in p-type silicon and is particularly harmful to minority carrier lifetimes as 

concentrations as low as 10
11

 cm
-3

 can negatively impact cell performance [26].  Thus care must 

be taken in attributing electrical activity observed by EBIC to intrinsic impurity content. 

There is some concern about gold contamination in this work as gold was used as the 

ohmic contact on the back surface of the wafer.  This contact is approximately 150µm from the 

front surface where the measured EBIC contrast originates.  The room temperature diffusivity of 

Au in silicon is several orders of magnitude less than that of copper in silicon [27, 28].  Copper 

diffuses at room temperature but this is not expected for gold.  This suggests that the detected 
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gold particles are not a result of the back contact but were present at the time of solidification.  

The solubility of gold at the silicon melting temperature is approximately 5 x 10
15

 atoms/cm
-3

 for 

substitutional gold and 3 x 10
16

 atoms/cm
-3

 for interstitial gold [27].  This is the threshold for 

precipitation.  From the EDS results it cannot be confirmed if the bulk gold concentration is at 

this level as this concentration is below the detection limit.  The precipitates could have formed 

during the high temperature diffusion step.  The back contact was applied at room temperature 

and the only heating that would have occurred later would be due to the FIB preparation or TEM 

analysis.  It is more likely for the precipitates to have formed either during the diffusion step or 

during the original solidification.  Another indication of this is the presence of the precipitates 

away from the boundary.  The energy required for precipitate nucleation in the grain interior is 

much higher than that required for nucleation at the boundaries. 

3.4 Summary  

Energy resolved defect-band PL imaging was used to identify different emission 

localized to particular defects in a mc-Si wafer.  Several defects were classified as having 

shallow, intermediate, and deep emission based on these images.  These defects were studied 

with EBIC and all were observed to exhibit room temperature contrast indicating that they are 

active recombination centers.  The strongest EBIC contrast was observed at the intermediate 

defect which showed strong emission centered around 0.845eV.  The CL spectra for the 

intermediate and deep defects agreed well with the defect-band PL, however the there was no 

peak detected that would correspond with the shallow PL emission.  This could be due to an 

inhomogeneous distribution of the shallow energy levels along this particular boundary and spot 

mode CL spectroscopy was in a region deficient of these levels relative to the rest of the 

boundary.  STEM imaging and EDS revealed the presence of gold precipitates on and near the 

grain boundaries.  While there is some concern about contamination from the gold back contact, 

several factors point to the presence of gold before the contact formation.  These include the 

diffusivity of gold in silicon, the presence of gold near the opposite side of the wafer, and the 

existence of precipitates.  The presence of precipitates suggests the presence of substitutional and 

or interstitial gold which can introduce energy levels near to those detected by CL spectroscopy 

which is an interesting finding.  The agreement between the defect-band PL, which was done 

before the back contact formation, and the CL spectra further suggests that gold in regions near 
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the boundaries could be responsible for the observed defect emission.  It is expected that the 

emission is due to impurity complexes as the observed peaks do not coincide with the well 

known D line emission.  Though the possibility of unintentional contamination needs to be 

resolved, this work provides the first direct experimental TEM evidence of sub-band gap 

emission  possibly related to gold related energy levels in silicon. 
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CHAPTER 5. 

CONCLUSION 

This document has presented the results of three studies that investigate the electrical and 

optical properties of extended defects in mc-Si.  These studies both further the understanding of 

recombination activity and defect luminescence as pertaining to the interactions of impurities 

with extended defects. Though anomalous results were observed in all studies, explanations were 

formulated for the results or in some cases future work was suggested to clarify the observations.  

The information contained in this document has the potential to fuel future work that will 

provide greater understanding of impurity interactions with extended defects and the origins of 

defect energy levels responsible for commonly observed sub-band gap emission. 
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APPENDIX A 

EXPLANATION OF TECHNIQUES USED 

This appendix presents multiple characterization methods used in this study on 

directionally solidified poly-Si.  The chapter begins by discussing the macro-scale mapping 

techniques that are often applied to an entire poly-Si wafer and concludes with methods suited to 

atomic scale investigations. 

A.1 Photoluminescence Imaging 

Photoluminescence imaging allows spatially resolved information about the dislocation 

distributions and diffusion length to be quickly obtained[1] over the entire poly-Si wafer.  This 

imaging technique utilizes the emission of light associated with the recombination of charge 

carriers.  Through optical excitation, free carriers are introduced to the material and eventually 

the electron hole pair recombines.  The manner in which this recombination takes place gives 

rise to luminescence associated with various wavelengths depending on the energy difference 

between the “free” state and the recombined state of the charge carrier.   

The intensity of the photoluminescence is proportional to the rate of radiative (band-to-

band) recombination.  Using radiation filters so that the camera only detects certain wavelengths 

of light allows for the identification of macro scale regions where certain recombination 

phenomena dominate.  Imaging the band-to-band recombination luminescence has been shown 

to correlate directly with the Voc of PV cells[2].   

With the proper filters bright regions of the resulting images are associated with band-to-

band luminescence which means that the carriers traveled through the material without 

encountering recombination centers and eventually relaxed into the band from which they 

present before excitation and the associated luminescence is characteristic of the band gap of the 

material.  Dark regions of the image however, correspond to luminescence at wavelengths other 

that those associated with the band gap of the materials indicating the presence of recombination 

centers in the form of either chemical or structural defects.  The accompanying luminescence is 

not detected and thus appears dark.  Choosing the appropriate filter will allow the detection of 
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this luminescence and can give insight into the nature of the defects present. This technique can 

be used for raw mc-Si wafers as well as fully processed cells and typically little if any specimen 

preparation is required.  The ability to image entire cells quickly makes this a valuable tool for 

determining the spatial distribution of non-radiative recombination sites. Much work has also 

been based on PL spectroscopy where the luminescence is analyzed with high spectral resolution 

to gain information on the character of defects[3-5]. 

A.2 Electron Backscatter Diffraction 

The technique of electron backscattered diffraction (EBSD) utilizes a scanning electron 

microscope (SEM) environment to extract crystallographic information about a specimen[6].  

Specimens are typically less than 1mm
2
.  The specimen is typically oriented at an angle of 70⁰ 

with respect to the incident electron beam which allows Bragg diffracted electrons to travel 

towards a charge coupled device (CCD) detector positioned at 90⁰ with respect to the incident 

electron beam.  This arrangement is shown in Figure A.1. The incident electrons interact with the 

specimen and are diffracted according to the Bragg equation, nλ = 2dSinθ, and the CCD detector 

acquires the kikuchi pattern corresponding to the diffracted intensities.  Using a pattern library 

which contains diffraction information for a variety  of materials, since d spacing of particular 

planes varies for different materials, the pattern is indexed and the crystallographic information 

is derived with respect to a specified reference.  The interaction of the incident electron beam 

with the specimen is confined to approximately the 50nm closest to the surface making specimen 

preparation, particularly polishing, of extreme importance to reduce misindexing of the resulting 

patterns.   

EBSD analysis of poly-Si is typically concerned with orientation of the different grains 

relative to both the specimen surface and to adjacent grains.  Orientation information relative to 

the surface can provide texture information and grain size statistics while the orientations of 

adjacent grains provide information about the boundary between them.  One study used EBSD  

and synchrotron based analytical microprobe techniques  to show that metal silicide precipitate 

decoration of grain boundaries increases with decreasing atomic coincidence, or increasing Σ 

values[7].  Stokken used EBSD in conjunction with PV scan to identify crystallographic 

orientations that preferentially develop intra-granular defects in directionally solidified silicon 
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ingot[8, 9].  These studies highlight the usefulness of EBSD in studying the performance limiting 

regions of poly-Si produced by the directional solidification process. 

 

Figure A.1 SEM chamber arranged for EBSD[10]. 

A.3 Cathodoluminescence 

Similar to the photoluminescence technique, cathodoluminescence (CL) is a technique 

used for identification of defects as well as determination of certain aspects of their character.  In 

CL the incident beam in a SEM is used to excite carriers within a specimen.  The excitation is 

dependent on the volume in which the electron beam interacts with the specimen[9].  This 

volume is defined by parameters such as accelerating voltage, beam current, and material 

properties.  The subsequent recombination of these carriers results in emission of photons 

characteristic of band gaps, phonon transitions, and defect states present within a material.  CL 

imaging is performed by directing the electron beam through a hole in a mirror which reflects the 

luminescence to a detector and an image is formed based on the intensity of the luminescence as 

the beam scans the specimen.  The resulting image represents the type of recombination 

dominating specific regions of the specimen.  Typically band-to-band or radiative recombination  
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Figure A.2 SEM view of cathodoluminescence[13]. 

is shown by the highest intensity values while non-radiative centers are represented by low 

intensity values.  Spectral analysis of the luminescence gives information about dopants and 

various transitions associated with the recombination process by identifying the wavelengths of 

the luminescence[11].    Sekiguchi et. al.
 
used CL spectra with TEM analysis to study tilt and 

twist boundaries in poly-Si, where it was found that certain types of dislocations were present in 

small angle tilt and twist boundaries[12]. 

A.4  Electron Beam Induced Current 

The SEM-based EBIC technique exploits the internal electric field in silicon devices provided by 

a p-n junction or Schottky contact to observe deviations from ideal electrical characteristics[14].  

When carriers are generated by an electron beam they are subsequently collected by the internal 

field producing a current.  When the excess carriers that generate the current interact with 

recombination active features such as dislocations, grain boundaries, and precipitates their 

contribution to the current is reduced.  Due to diffuse contrast around defects in mc-Si it is 

difficult to measure defect densities higher than 10
7
 cm

-2
 in mc-Si material.  However, as 

mentioned before the minority carrier lifetime is reduced for dislocation densities in the 10
4
 – 10

7
 

cm
-2

 range so the EBIC technique is useful for correlating reductions in lifetime with defect 

density.  It has been proposed that defects in mc-Si only exhibit EBIC contrast at room 

temperature if they are decorated with metallic impurities which could make accurate defect 

density measurements difficult.  With this in mind EBIC measurements at low temperature 

should be more representative at low temperatures as the shallow levels due to the strain fields 

around undecorated dislocations will result in EBIC contrast. 
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A.5 Transmission Electron Microscopy 

The transmission electron microscope, TEM, is a powerful characterization tool that 

utilizes different phenomena associated with electrons passing through a thin foil of material.  As 

the electrons pass through a foil possible interactions include emission of auger electrons,  

secondary electrons, visible light, characteristic X-rays,  and Bremsstrahlung X-rays as well as 

scattering events associated with the atoms in the matrix resulting in elastically, inelastically, and 

backscattered electrons[15].  All of these interactions originate from the interaction of a solid 

specimen with a beam of electrons accelerated with voltages typically greater than 100kV.  

Electrons with energies of 100keV or greater behave relativistically as they move at more than 

half the speed of light and thus their de Broglie wavelength is given by eq. 4.3 

 

                                                                                               4.3 

 

where h is Planck’s constant,  the rest mass of an electron, e the charge of an electron, V the 

accelerating voltage, and c is the speed of light in vacuum.  For electrons accelerated through 

voltages greater than 100kV the associated de Broglie wavelength is about two orders of 

magnitude smaller than a typical lattice constant for crystalline solids.  This allows the electrons 

to interact with the lattice and diffract which allows imaging with sub-nanometer resolution 

making the TEM a powerful tool for structural analysis of crystalline solids.  The TEM has been 

used to study precipitate properties including chemical and structural character[16] as well as 

defect analysis including dislocation type/structure[17-19] and grain boundaries
 
in poly-Si. Used 

with techniques like DLTS, valuable insight can be gained about the relationship between 

structure and electrical character of various defects in poly-Si[18]. 

A.6  Atom Probe Tomography 
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Figure A.3 Schematic of the specimen orientation and principle of laser-pulsed atom probe 

tomography. 

 Atom probe tomography is a powerful technique that combines high spatial resolution 

with high chemical sensitivity [20, 21].  A needle shaped specimen is placed in front of a conical 

electrode and held at bias.  This creates an electric field near the specimen which is enhanced at 

the apex due to the small radius of the specimen.  This allows almost enough energy for 

ionization of the atoms at the apex.  Pulsing a laser allows the transfer of enough energy to allow 

for ionization after which the ionized species travel along electric field lines to a two 

dimensional position sensitive detector.  This provides information on where a particular 

detected ion originated within the specimen.  Pulsing the laser allows for time-of-flight mass 

spectra to be generated, which provides chemical information about the ionized atoms.  

Combining the information results in a three-dimensional reconstruction of the specimen that 

contains both spatial and chemical information. 
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