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Abstract

In broad terms, this thesis is devoted to measuring and interpreting the photoluminescence
spectra emitted from different structures in crystalline silicon wafers and solar cells. Based on
the knowledge accumulated, it also establishes a variety of applications of photoluminescence
spectroscopy in silicon photovoltaics. The thesis may be divided into 3 main categories: band-
to-band luminescence from wafers, deep-level luminescence from defects and impurities, and
composite luminescence from different structures and layers in solar cells.

First, this thesis utilizes band-to-band photoluminescence spectra emitted from planar
silicon wafers to determine the values of the band-to-band absorption coefficient and the
radiative recombination coefficient as a function of temperature with high precision.
Parameterizations of these two coefficients are established to allow convenient calculations.
Based on the newly established temperature data, the impacts of surface geometries and excess
carrier profiles on luminescence spectra emitted from various silicon wafers are investigated via
both modeling and experiments as a function of temperature. The results suggest that, the
accuracy of many photoluminescence-based techniques, established mainly at room temperature
in the literature, can be further improved by performing the measurements at higher
temperatures due to the increasing impacts of surface reflectivities and excess carrier profiles on
luminescence spectra with rising temperatures. These applications highlight the significance of
the established data of the two coefficients for spectral fitting techniques.

Next, the thesis investigates the deep-level luminescence from defects and impurities
distributed around sub-grain boundaries in multicrystalline silicon wafers. The thesis shows
that, the dislocations at sub-grain boundaries and the defects and impurities trapped around the
dislocations emit separate luminescence peaks at low temperatures. The luminescence intensity
of the trapped defects and impurities is found to be altered significantly after phosphorus
gettering, whereas the dislocation luminescence is not changed throughout different solar cell
processing steps. Also, the trapped defects and impurities are found to be preferentially
distributed on one side of the sub-grain boundaries due to the asymmetric distribution of their
luminescence intensity across the sub-grain boundaries. In addition, the thesis also demonstrates
that the damage induced by laser doping is related to dislocations, since its deep-level
luminescence spectrum has similar properties to those emitted from dislocations in
multicrystalline silicon wafers. The interface between the laser-doped and un-doped regions is
found to contain more damage than the laser-doped regions.

Furthermore, the thesis reports a new photoluminescence-based method to separate the
luminescence signatures from different layers and structures in a single silicon substrate,

courtesy of the well-resolved luminescence peaks at low temperatures from different layers. In



particular, the technique is applied to characterize the doping level of both locally-diffused and
laser-doped regions on various silicon solar cells and cell precursors, utilizing band-gap
narrowing effects in heavily-doped silicon. The results show that, the interface between the
laser-doped and un-doped regions is much more heavily-doped that the doped regions. In
addition, the technique is also applied to evaluate and the parasitic absorption of different
surface passivation films on finished solar cells, due to the correlation between the sub band-
gap luminescence intensity from these passivation films and the optical absorption in the films.
The technique is contactless and nondestructive, requires minimal sample preparation, and
provides micron-scale spatial resolutions.

Finally, the thesis combines the advantages of spectrally-resolved photoluminescence (PLS)
and photoluminescence excitation spectroscopy (PLE) to develop a PLS-PLE-combined
technique for characterizing wafers and solar cells. In particular, the entire photoluminescence
spectrum from a silicon wafer or solar cell is captured and monitored while the excitation
energy is varied. This technique allows us to quantitatively evaluate both the doping level and
the junction depth of various diffused silicon wafers, the defects induced by the post-diffusion
thermal treatment at different depths below the wafer surface, and the enhanced diffusion at
grain boundaries and sub-grain boundaries in multicrystalline silicon wafers. The results show

that, the enhanced diffusion happens at both grain boundaries and sub-grain boundaries.



Table of Contents

INTRODUGCTION ..ottt ettt bbbttt ettt n s 1
Spectrally-resolved photolUMINESCENCE. .........cviiiiiiiciceee e 2
TRESIS OULIINE ... bbb bbbttt st sb e 4

CHAPTER 1: PHOTOLUMINESCENCE IN CRYSTALLINE SILICON .......ccccceu.ee. 11
1.1 Generation of band-to-band photoluminescence from silicon ...........cccccooviinininennne. 12
1.2 Band-to-band photoluminescence emitted from silicon wafers............ccccoceveiviieinnnnn. 15
1.3 Deep-level photoluminescence from defects and impurities ..........ccoccevvvvieve v eiesnennns 16
1.4 Separation of PL signal from various layers at low temperatures...........cc.ccoceveererennnn 17
1.5 Photoluminescence SPeCtroSCOPY SYSIEIMS .....ccuveviiriiieiiesieeiesieere e seesre e sae e srae e sneas 18
1.6 SUIMMAIY .ottt sttt e e et sb e e sae e sn e e s e et e e beesbaeanbeaneeenbeenne e e 21

CHAPTER 2: TEMPERATURE DEPENDENCE OF BAND-TO-BAND
APSORPTION COEFFICIENT ....ooiiiiiic e 23

CHAPTER 3: TEMPERATURE DEPENDENCE OF RADIATIVE
RECOMBINATION COEFFICIENT ...cooiiiiiciii e 33

CHAPTER 4: IMPACT OF CARRIER PROFILE AND REAR SIDE
REFLECTION ON PHOTOLUMINESCENCE SPECTRA ... 39

CHAPTER 5: DEEP-LEVEL PHOTOLUMINESCENCE
SPECTROSCOPY FROM DISLOCATIONS IN MULTICRYSTALLINE
SILTCON Lo e 47

CHAPTER 6: CHARACTERIZATION OF HEAVILY-DOPED LAYERS
IN SOLAR CELLS BY PHOTOLUMINESCENCE SPECTROSCOPY ......ccccvevvviinnes 55

CHAPTER 7: CHARACTERIZATION OF DISLOCATIONS IN LASER-
DOPED SILICON BY PHOTOLUMINESCENCE SPECTROSCOPY ......ccccoovveirinnne. 63

CHAPTER 8: CHARACTERIZATION OF a-Si, SiNy, AND HEAVILY-
DOPED LAYERS IN SOLAR CELLS ...ttt 71

CHAPTER 9: SPECTRALLY-RESOLVED MICRO-
PHOTOLUMINESCENCE EXCITATION SPECTROSCOPY .....cccccceiiiiniiienieenin, 83

CHAPTER 10: INVESTIGATION OF ENHANCED DIFFUSION AT
GRAIN BOUNDARIES IN MULTICRYSTALLINE SILICON WAFERS................... 93

CHAPTER 11: COMPOSITION OF LUMINESCENCE SPECTRA FROM
HEAVILY-DOPED p-TYPE SILICON UNDER LOW AND HIGH

EXCITATION. ...ttt bbbt a ettt b b e bt bt e bt nreeees 105
CHAPTER 12: SUMMARY AND FUTURE WORK .......cccoiiiieiiiece e 123
LIST OF OTHER PUBLICATIONS ... ..ot 129

APPENDX ..o 131






Introduction

rystalline silicon (c-Si) accounts for more than 90% of the photovoltaic market share [1].
COver the past decades, c-Si has been the material of choice for industrial production due
to its clear advantages over other semiconductors. First, silicon is the second most abundant
element on the planet. Second, c-Si wafers have stable electronic properties, a band gap well-
suited for high efficiency photovoltaic cells, and are nontoxic. Most importantly, c-Si has been
the workhorse for microelectronic industries and research for more than a half of century.
Therefore, the material’s properties have been investigated extensively. Also, fabrication
processes as well as characterization methods for c-Si have been well developed. Many of these
processes and methods, as well as much of the developed knowledge, can be readily applied to
silicon photovoltaic applications.

To date, the highest confirmed efficiency of a homo-junction silicon solar cell is 25.6% [2].
However, most industrial cells have lower efficiencies due to a combination of both the material
itself and the device fabrication process. Many types of defects and impurities are already
present in the starting material during the crystal growth process. Some of them are electrically
active even in the as-cut wafers, and some of them can be activated during the cell fabrication or
operation. In addition, the fabrication process itself can induce both optical and electrical losses.
A great deal of work has been performed at both laboratory and industrial settings in order to
optimize the cell fabrication process as well as to mitigate the impacts of the grown-in defects
and impurities. Although much knowledge of silicon properties and characterization techniques
developed for microelectronics can be reused, characterization techniques specifically designed
for photovoltaic applications are required due to the different fabrication process and the unique
requirements of solar cells, compared to those of microelectronic devices.

Optical spectroscopy has been widely used to study the physics and properties of many
semiconductors. Optical measurements are attractive since they are contactless and non-
destructive, and often require less effort in sample preparation than other characterization
techniques. Spectrally-resolved photoluminescence or photoluminescence spectroscopy (PLS) is
a subfield of optical spectroscopy. From a thermo-dynamical point of view, photoluminescence
(PL) is a non-equilibrium phenomenon since materials need to be supplied with extra energy

from a light source. The luminescence spectra detected contain fingerprints of material
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properties, defects and impurities, device architectures, and fabrication processes. Therefore,
PLS has great potential for device characterization in silicon photovoltaics.

Generally speaking, PLS-based methods have been employed as a precise, contactless, and
non-destructive characterization tool in silicon photovoltaic research for many decades. The
applications are varied from fundamental properties of the material, such as band gap [3-5],
doping levels [6], band-to-band absorption coefficient [7-9], or radiative recombination
coefficient [9,10], to device properties, such as diffusion lengths of minority carriers in wafers
and solar cells [11-13], surface recombination in wafers [14,15], or light trapping capability of
plasmonic structures [16], to name a few. In the intervening years, with the advent of a
micro-photoluminescence system, PLS-based techniques have been further advanced
significantly. Courtesy of high spatial resolutions, the techniques have been employed to
pinpoint micron-scale features of wafers and finished devices, including dislocations [17], iron
precipitates [18], laser-doped regions [19,20], and recombination and stress around grain
boundaries [21].

This thesis is based on the photoluminescence phenomenon from crystalline silicon. It is
devoted to understanding the photoluminescence spectra emitted from a variety of silicon
wafers and solar cells. Based on these properties, it reports a range of new applications of
spectrally-resolved photoluminescence in silicon photovoltaics, ranging from material studies to

finished solar cell characterization.

Spectrally-resolved photoluminescence

If a semiconductor is illuminated with a light source having an appropriate energy, the
incoming light will be absorbed in the semiconductor. The energy of the absorbed light can
excite electrons in the valence band into empty states in the conduction band. These excited
electrons will then be thermalized almost immediately to the lowest energy states in the
conduction band. After that, the thermalized electrons will fall back to the valence band either
indirectly via energy states inside the band gap of the semiconductor, or directly, and recombine
with free holes in the valence band. The excess energy of the free electrons can be released in
the form of heat (i.e. phonons), or light (i.e. photons), or both. In the case where photons are
emitted, the phenomenon is called photoluminescence. Spectrally-resolved photoluminescence
techniques measure the energy distribution of these emitted photons. Many properties of
materials, defects and impurities, and fabrication processes can be extracted by systematically
and carefully analyzing this energy distribution.

In general, the emission rate correlates with the absorption rate. However, there are still
some fundamental differences between the two processes. Technically, compared to the

absorption spectrum, the emission spectrum reflects the operating principle of silicon solar cells
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more closely since it directly involves free electrons and holes, which contribute to the photo-
induced current. On the other hand, the absorption spectrum consists of the band-to-band
absorption and other parasitic absorption mechanisms. Only the former contributes to the photo-
induced current of silicon solar cells. The parasitic absorption generates heat inside solar cells,
and thus reduces their performance. Furthermore, the absorption could be associated with all
energy states, and thus its spectrum is often very broad. On the other hand, the emission
involves narrow bands of energy states in the conduction and valence bands, and as such the
emission spectrum is much narrower than the absorption spectrum.

Properties of the luminescence spectrum are generally determined by two quantities: the
band gap and the band structure of the semiconductor. The first quantity is the minimum energy
difference between the conduction and valence bands, and it determines the overall position of
the spectrum. The latter quantity determines the intensity, shape, and overall properties of the
spectrum. In a direct semiconductor, the momentum difference between the conduction band
minimum and the valence band maximum is zero (see Figure 1a), and as such the luminescence
spectrum is very sharp and strong. On the other hand, in an in-direct semiconductor (silicon, for
example), the momentum difference is non-zero (see Figure 1b), and the emission must involve
the participation of phonons in order to satisfy momentum conservation. Due to the
participation of phonons in the luminescence process, the emission spectrum from silicon is
broader and contains various components corresponding to different types of phonons. The rich
features of luminescence spectra from silicon are, in fact, foundations of many
photoluminescence-based techniques established to characterize silicon solar cells. However,
the luminescence efficiency of silicon is very low compared to that of direct band-gap materials.
Therefore, in luminescence experiments on silicon, a high excitation power and sensitive

spectroscopic equipment are critical requirements.

(a) Direct band gap (b) Indirect band gap
Energy Energy
Conduction Conduction
band T band
E Heavy-hole E I
Heavy-hole gap| |- y gap
valex)c/e band Momentum valence band Momentum
Light-hole Light-hole
valence band valence band

Figure 1: Illustration of band structures of direct (a) and indirect (b)

semiconductors, adapted from Gilliland [22].
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Thesis outline

Chapter 1 provides a brief overview of the luminescence theory from crystalline silicon
wafers, which serves as a foundation for all spectrally-resolved photoluminescence-based
techniques developed in this thesis. In particular, various photoluminescence mechanisms in
silicon wafers, which are important for solar cell characterization, are explained from a physical
point of view. The chapter consists of five sections. The first section explains the generation
process of band-to-band photons, which are emitted spontaneously from a volume element
inside a silicon wafer. This spontaneous generation is determined solely by intrinsic electronic
properties of the material. The second section continues to explain loss mechanisms of these
spontaneously generated photons when they move towards the wafer surface and escape the
semiconductor. These loss mechanisms alter the original shape of the luminescence spectra due
to their different dependences at different photon energies. The third section focuses on the
deep-level luminescence emitted from defects and impurities, which are present in silicon
wafers and occupy energy levels inside the forbidden gap of silicon. The fourth section
describes a new technigue, which can separate the luminescence signal from individual
materials and structures buried underneath the wafer surface. Finally, experimental setups of the
conventional photoluminescence spectroscopy and micro-photoluminescence spectroscopy
systems, which were employed to capture all PL spectra in this thesis, are described in detail.

Chapter 2 is concerned with the band-to-band absorption coefficient in crystalline silicon,
one important parameter in device modeling and characterization. Due to the significance of this
coefficient, numerous experimental works have been performed to determine its values at
different temperatures and wavelengths in the literature. However, around room temperature,
the established data of this coefficient are not dense enough to cover the practical working
temperature range of silicon solar cells, and thus there is still a lack of information on this
coefficient for device modeling and characterization. This chapter first presents the evolution of
luminescence spectra captured from silicon wafers between 79 and 363 K, in particular with a
step of 10 K in the range of 249 — 363 K. Based on these spectra, the band-to-band absorption
coefficient is extracted at different temperatures for wavelengths from 990 to 1300 nm, a
wavelength range which is important for spectral fitting methods. Furthermore, by comparing
the data around room temperature, the values of the coefficient are found to vary significantly
even though the temperature changes only a few degrees, which in turn affects the spectral
shape. This finding motivates correct usage of exact temperatures for the band-to-band
absorption coefficient in device modeling, rather than approximate room temperature values,
which can vary significantly from, for example, 291 K (18 °C) to 300 K (27 °C). Finally, a

parameterization is established, giving a convenient way to calculate the values of the band-to-
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band absorption coefficient at a given temperature in the working temperature range of silicon
solar cells.

Chapter 3 utilizes the dense temperature data of the band-to-band absorption coefficient
established in Chapter 2 to extract the radiative recombination coefficient of crystalline silicon,
which is another important parameter in device modeling and characterization. Applying the
generalized Planck’s law, an aggregate quantity of the radiative recombination coefficient and
the intrinsic carrier density was determined as a function of temperature. This combination
allows the data established to be independent of the intrinsic carrier density model, which is still
controversial in the literature. A parameterization of this combined quantity is then extracted in
order to provide quick calculations of this coefficient at different temperatures. After that, the
data are compared with the results established in the literature, and are found to agree with them
well. Finally, the data show a saturation of the radiative recombination coefficient at room
temperature and above, a conclusion which could not be made based on the sparse data
available in the literature.

Chapter 4 is concerned with the impacts of internal surface reflectance and carrier profiles
on the PL spectral shape from crystalline silicon wafers. The dataset of the band-to-band
absorption coefficient established in Chapter 2 is applied to model PL spectra emitted from
silicon wafers under various surface conditions. In practice, changes in excess carrier profiles
and optical properties of wafers and solar cells often occur simultaneously, and thus their effects
on the shape of the spectrum measured are confounded. Based on both modeling and
experiments, individual effects of internal surface reflectivities, as well as of inhomogeneous
carrier profiles varying across the wafer thickness due to an increased surface recombination,
are investigated as a function of temperature. The results suggest that the accuracy of many
existing PL-based techniques could be improved by performing measurements at higher
temperatures, rather than room temperature, due to the increasing impact of carrier profiles and
surface reflectivities with rising temperatures. Furthermore, the possible impact of variations in
internal reflectivities at long wavelengths, for which measured reflectivities are often affected
by the escaping infrared light, on the established values of the band-to-band absorption
coefficient is examined and found to be insignificant in practice.

Chapter 5 focuses on another class of photoluminescence spectroscopy. It deals with the
electronic and optical properties of deep levels situated inside the band gap of silicon at
microscopic scales. In particular, utilizing micron-scale spatial resolutions of a
micro-photoluminescence spectroscopy system equipped with confocal optics, luminescence
properties of dislocations in multicrystalline silicon (mc-Si) wafers, as well as of defects and
impurities decorating around them, are investigated separately. First, individual deep-level
emission lines from these defects (both dislocations and trapped defects) and impurities are
examined and demonstrated to have different spatial distributions around sub-grain boundaries,

suggesting the different origins of these luminescence centers. After that, their behaviors after
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different processing steps are examined, including phosphorus diffusion gettering, high-
temperature annealing, and controlled contamination with iron. The results show that, the
luminescence intensity from the defects and impurities trapped around the dislocations varies
significantly, whereas that from the dislocations themselves is not altered, suggesting that the
structure of the dislocations formed during the ingot growth and cooling is unchanged after
different processing steps. Furthermore, the defects and impurities are found to be preferentially
trapped at one side of the sub-grain boundaries due to the asymmetric intensity distribution of
their luminescence across the sub-grain boundaries both before and after the processing steps.

Chapter 6 reports a new technique to separate luminescence signals from heavily-doped
layers and an underlying crystalline silicon substrate. In heavily-doped silicon, the band gap is
narrowed and the band-to-band luminescence spectrum is shifted to longer wavelengths, i.e.
lower energies. If an appropriate excitation wavelength is employed, the laser light will be
absorbed in both the heavily-doped layer and the silicon substrate, yielding different
luminescence peaks associated with the two layers. However, the individual signatures of the
two layers are not discernible at room temperature due to thermal broadening effects, causing
different spectral components to be overlapped together. This chapter utilizes the distinctly
sharp features of luminescence spectra from crystalline silicon at low temperatures to separate
the emission signals from the individual layers, thus allowing us to investigate luminescence
properties of thin diffused layers by just capturing spectra from above the wafer surface.
Moreover, taking the advantages of the micron-scale spatial resolution from the micro-
photoluminescence spectroscopy system, this technique is then applied to assess the dopant
level of various localized diffused regions, whose diameters are only a few tens of micrometers,
on solar cell precursors. The technique is also applied to laser-doped samples, revealing an
interesting finding on the dopant concentration at the micron-scale region between the laser-
doped and un-doped regions.

Chapter 7 continues to report another application of the micro-PLS technique to
characterize laser-doped regions on silicon wafers. In solar cell fabrications, although laser
doping is more precise and simpler than thermal diffusion and ion implantation, this doping
technique is known to introduce a high level of crystal damage, which in turn has detrimental
impacts on final cell efficiencies. This chapter shows that, the laser-induced damage can emit
strong sub band-gap PL signals at low temperatures. Based on similarities in the luminescence
properties and energy levels with those of dislocations, the damage is demonstrated to be related
to dislocations. Moreover, by comparing PL spectra from various locations in the laser-doped
region, the interface between the laser-processed and normal regions is found to contain much
more crystal damage than the laser-doped region itself. Finally, the observed excitation power
dependence of the PL intensity from the laser-induced damage is also reported and explained.

Chapter 8 studies luminescence spectra from c-Si wafers passivated with hydrogenated

amorphous silicon (a-Si) and hydrogenated silicon nitride (SiN,) films. First, luminescence
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spectra from a-Si under various deposition and measurement conditions are reported separately.
After that, the combined luminescence from a-Si/c-Si stacks is investigated. Luminescence
spectra from c-Si wafers passivatied with SiN, films are then examined and demonstrated to
have similar properties to those from wafers passivated with a-Si films. The work shows a
correlation between the luminescence intensity from the SiN, films and the a-Si component
inside these films, whose presence is confirmed with Raman spectroscopy measurements. The
results also indicate that, even though the SiN, films are aimed to improve the surface
passivation quality, and thus improve the photocurrent, the internal absorption of the films can
in fact reduce the blue response of silicon solar cells, and thus adversely impact the final
photocurrent. Furthermore, when combining with the ability to detect the luminescence from the
heavily-doped layer in silicon wafers (reported in Chapter 7), this PLS-based technique is
applied to unambiguously separate individual luminescence signatures from different layers on
a single substrate including the SiNy passivation film, the heavily-doped layer, and the c-Si
substrate. Finally, this technique is applied to evaluate the parasitic absorption inside the
passivation films, and the doping level of the heavily-doped regions on various finished solar
cells.

Chapter 9 introduces another new PL-based characterization technique combining both
spectrally-resolved photoluminescence (PLS) and photoluminescence excitation spectroscopy
(PLE) at low temperatures. The PLS-based method captures the entire spectrum from the
material with a single excitation wavelength, whereas the PLE-based method monitors the PL
intensity at a certain wavelength with varying excitation wavelengths. With this combined PLS-
PLE technique, the evolution of the entire PL spectrum versus excitation wavelength from
different materials and structures can be observed. This spectrally-resolved PLE-based
technique is established based on the fact that, recombination mechanisms among various
materials and structures inside a c-Si wafer are often different from each other, giving different
distinct PL peaks at low temperatures. In addition, in case the materials and structures are
distributed at different depths underneath the wafer surface, the fraction of the excitation light
absorbed in each material and structure is changed with varying excitation wavelengths.
Therefore, not only can the electronic and optical properties of the materials and structures be
probed, but also the depth distributions of these features can be evaluated. This newly
developed technique is then applied to evaluate doping densities and junction depths of different
diffused c-Si wafers. It is also applied to detect and separate the depth distribution of various
defects induced by the post-diffusion thermal treatment in c-Si wafers.

Chapter 10 is, in general terms, the culmination of the previous chapters. It brings together
all characterization methods established for the deep-level centers in Chapter 5, the heavily-
doped layers in Chapter 6, and the separation of luminescence signals from different layers at
various depths in c-Si wafers in Chapter 9, to investigate the enhanced diffusion of dopant

atoms in mc-Si wafers. The enhanced diffusion has been reported in the literature for certain



Introduction 8

types of grain boundaries in mc-Si wafers using electron beam induced current (EBIC) or light
beam induced current (LBIC) technigues. However, these techniques require contact formation
and a cross-sectioning or an angle lapping of the samples. This chapter shows that, by
performing PL measurements from above the wafer surface, the enhanced diffusion in mc-Si
wafers can be detected without much sample preparation. The results show that the enhanced
diffusion occurs at numerous types of grain boundaries, rather than just some specific types as
reported in the literature. In addition, by applying the spectrally-resolved PLE technique
developed in Chapter 9, defects and impurities decorating around sub-grain boundaries are
demonstrated to be uniformly distributed along the wafer thickness. The results suggest that, the
defects and impurities trapped around the sub-grain boundaries do not hinder the preferential
diffusion of the dopant atoms. Therefore, the sub-grain boundaries are not only recombination
active but also promote preferential diffusion of dopant atoms. This conclusion could not be
made based on EBIC and LBIC measurements since the defects and impurities and the dopants
have opposing effects on the induced current.

Chapter 11 focuses on a more fundamental understanding of luminescence spectra emitted
from heavily-doped c-Si. In particular, the chapter looks into the impact of both dopant and
excitation levels on the PL spectral shape at different temperatures. Numerous phenomena are
known to occur in the band structure of heavily-doped c-Si, which in turn affect the shape of the
luminescence spectra. Nevertheless, these phenomena are often characterized by two simple
quantities of the spectra: the shifting of the peak and the broadening of the width. This chapter
investigates and elucidates the separate effects of individual parameters including the band gap,
Fermi level, band tails, and neutral dopant band on the luminescence spectra emitted from
heavily-doped c-Si by both modeling and experiments. The results show that, in heavily-doped
c-Si, the reduction of the band gap simply shifts the band-to-band luminescence peak to lower
energies without changing the spectral shape; the increasing band tails simply broaden the band-
to-band luminescence spectrum, causing different spectral components to be overlapped; and
the increasing Fermi level not only shifts the band-to-band luminescence peak towards higher
energies, but also broadens the spectral width. These results help explain why the relative
luminescence peak shift is always smaller than the amount of band-gap narrowing in heavily-
doped c-Si; and why the spectral width is broadened with increasing doping densities more
quickly once the semiconductor becomes degenerate. Finally, the evolutions of the dopant band
and the band tails with increasing doping densities are empirically demonstrated, and the

difference in the spectra between low and high excitation levels is clarified.
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CHAPTER 1

Photoluminescence in Crystalline Silicon

n simple terms, luminescence in a semiconductor is the emission of photons from the
I material when electrons from higher energy states make transitions to lower energy states.
Depending on the mechanism employed to excite the electrons, there are various types of
luminescence. Among them, the three types which are most commonly used as characterization
tools in silicon photovoltaics (Si-PV) are cathodoluminescence (CL), electroluminescence (EL),
and photoluminescence (PL). In CL, the excitation is achieved by bombarding samples with a
high energy electron beam from cathode rays, which can potentially damage the sample regions
under measurements. In EL, the excitation is achieved by applying an electric potential across
or electric current through the samples, and thus requires contact formation. In principle, these
two techniques involve both electrical and optical phenomena, and thus are not considered as a

purely optical characterization technique. On the other hand, the PL technique excites the
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electrons with a primary incident photon beam, and hence has all the advantages of optical
spectroscopy such as being contactless and non-destructive, and requires minimal sample
preparation.

In crystalline silicon (c-Si), the PL phenomenon consists of both band-to-band and deep-
level luminescence. The band-to-band emission is due to radiative transitions of free electrons
in the conduction band to empty states in the valence band, and it reflects the intrinsic properties
of silicon. On the other hand, the deep-level emission is due to the radiative recombination of
electrons and/or holes trapped by defect and impurity centers occupying energy levels inside the
silicon band gap, and thus it reflects the properties of defects and impurities within the host
material. Although the PL signal is emitted by the material itself, the PL spectrum detected
outside the material is a complex combination of numerous phenomena which are both intrinsic
and extrinsic to the material properties. In particular, PL spectra from c-Si wafers are
determined by:

(i) The material properties.

(ii) The energy and power of the excitation source, and the surface recombination. These
properties determine excess carrier profiles inside the silicon wafers, which generally
affect the PL spectral shape.

(iii) The optical properties of the wafer surface, which determine the escape probability of
the generated photons.

(iv) The spectral response of the spectroscopic equipment employed to capture the PL
spectra.

Therefore, this chapter provides a theoretical background on the PL emission from c-Si wafers
from a physical point of view, which is essential for understanding the rich information

embedded in the captured PL spectra discussed throughout the course of this thesis.

1.1 Generation of band-to-band photoluminescence from silicon

Band-to-band photons are generated due to the radiative recombination of free electrons and
holes in the conduction and valence bands of silicon, respectively. Generally speaking, the
generation of these photons from a volume element of c-Si is determined by two quantities: the
ability of the semiconductor itself to emit photons and the capability of the surrounding
environment to accept them. The former is related to the numbers of free electrons and holes,
whereas the latter is described by the energy distribution of photons.

The ability to emit photons, denoted as Peni, is determined by the relationship [1-3]:
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fe, De, and E. (f, Dy, and E;), respectively, are the distribution function, density of states, and
amount of energy above the conduction band edge Ec (below the valence band edge Ey) of free
electrons (holes). The energy distribution of photons is a product of the distribution function (f,)
and density of states (D,) of photons, and is given by [4]:

f}/(ha))x D, (hw) o (ho)? x exp(— i—?} | @

where hw and KT are the energy of emitted photons and the thermal energy, respectively.
Therefore, the spectral shape of the generated photons from a silicon volume element in the

dark should be determined by the following relationship:

| ganc @)= E fe (Ee)De (Ee) f (Eh )Dh (Eh )d Ee} x {(hw)z x exp(— i—?ﬂ . @)

Since silicon is an indirect semiconductor, the photon emission also requires the
participation of phonons whose energy is Ep. The energy relationship among free electrons and

holes, phonons, and emitted photons is illustrated in Figure 1.1, and is given by:

ha)iEsze+Eh+EG, 4)

where Eg is the silicon band gap. “+/-* denotes the emission/absorption of phonons.
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Figure 1.1: Illustration of the energy relationship among emitted photons ho,
phonons Ep (‘+’ denotes a phonon emission event, whereas ‘-’ denotes a phonon
absorption event), free holes E;, and free electrons E. in n-type silicon under

illumination. See the text for descriptions of the symbols.
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However, under illumination, the Fermi level Eg is split into two separate levels Egp. =
Ep + AEp; and Epy = Ep — AER, for electrons and holes, respectively. Therefore, the

distribution functions of electrons and holes under illumination, . jum and f, jjum, become:

1

fe,illum(Ee): E,—(Eg +4E.) (52)

1+expl &
KT
and

o (Ep)= :

h,illum*~h’ "~ (E. —4E_ ,)-E, Y (5b)
1+exp F k_:_:v h

In non-degenerate semiconductors, under low excitation levels in which the quasi-Fermi levels
are far enough from the band edges, i.e. E, — (Er + AEg.) and (Ep — AEgy) — Ej, are several

times larger than KT, we can rewrite fgjjum and fy jnum as:

ABEc
fe,illum(Ee) = fe(Ee)xexp T (6a)
and
AE
FV
fh,illum(Ee) = fh(Eh)xex;{TJ. (6b)

Therefore, Eq. (3) becomes:

ium ) Efe(Ee)De(Ee)fh(Eh)Dh(Eh)dEe}

ho—(AE_ . +AE_, )
o 2520

()

Eq. (7) is, in fact, similar to the generalized Planck’s law which describes the spontaneous

generation rate of photons from a volume element due to band-to-band transitions in a non-
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degenerate semiconductor. According to this law, the spontaneous generation rate from silicon

is given by [5,6]:

RSp (ha)) LA g% (ha))z X exp(— i—?j X exp(AEFC I:I_AEFV ] . (®)
apg 1S the band-to-band absorption coefficient of silicon, and reflects intrinsic properties of the
material. It incorporates both the distribution functions and densities of states of electrons and
holes, and the participation of phonons. Therefore, in principle, this parameter is closely related
to the first square bracket in Eqg. (7). The two formulas in (7) and (8) can both be used to
describe the shape of the band-to-band luminescence spectra from silicon at low temperatures,

at which the reabsorption of the spontaneously generated photons is negligible.
1.2 Band-to-band photoluminescence emitted from silicon wafers

After the photons are spontaneously generated, in order to escape the semiconductor, they
have to overcome two loss mechanisms, which are illustrated in Figure 1.2. First, these photons
have to survive reabsorption on the way to the wafer surface. This reabsorption is characterized
by the absorption coefficient agg, in which case the band-to-band absorption is assumed to be
the dominating phenomenon. Second, the photons have to arrive at the surface at an incident
angle which is smaller than the critical angle e.. Otherwise, they will be totally reflected back
and do not have any chance to escape. The fraction of the spontaneously generated photons
within the critical angle is one out of 4n®[7], in which n is the refractive index of silicon. At the
surface, after the reabsorption, the remaining photons within the critical angle can be either
reflected back or transmitted into the outside environment.

Accounting for the phenomena described above, the photon flux emitted from a silicon

wafer is then given by [7-9]:

WRSp
PL=| [—5xexpl-appX]dx|xA. 9)
15 ot coplo

w is the wafer thickness and A is determined by the geometry and internal reflectivities on both
wafer surfaces. The following relationship also holds for the Fermi level separation under

illumination [4]:

AE~ +AE (N +An) xAn
ex;{ FC FV J: nxp * dopant ' (10)

T
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n and p are the free carrier densities of electrons and holes, respectively. Ngopant and An are the
doping density and the excess carrier density, respectively. n; is the intrinsic carrier density of
silicon. Therefore, combining (8), (9), and (10), one can model the band-to-band PL spectra
emitted from silicon wafers at a given temperature if the band-to-band absorption coefficient
ogs, surface geometry and reflectivities, and excess carrier profile are known. On the other

hand, these properties of the silicon wafers can be studied using the emitted PL spectra.

Transmitted
Air

Si /' \
/ Reflected

\é / Reabsorbed
= 1\\

) \/
Air B

Figure 1.2: Loss mechanisms of spontaneously generated photons inside a silicon

wafer. First, the generated photons can be reabsorbed on the way to the surface.
Second, only photons arriving at the surface at an angle less than the critical angle
o, have opportunities to escape the wafer. The remaining photons also suffer from the
internal reflection at the surface. Note that the incident, reflected, transmitted, and

critical angles in this figure are not presented in actual scales.
1.3 Deep-level photoluminescence from defects and impurities

When a c-Si wafer contains defects and impurities which occupy energy levels within the
forbidden gap of c-Si, these centers can trap free electrons and holes. The trapped electrons and
holes can then radiatively recombine, resulting in deep-level PL. Compared to the band-to-band
PL peak, the energy of the deep-level PL peak is shifted towards lower energies, i.e. longer
wavelengths. Figure 1.3 illustrates the three most common mechanisms of deep-level radiation.
Type 1 and type 2 deep-level radiations involve only one trapping level, and the energy
difference between the deep-level and band-to-band PL lines directly reflects the energy level of
the trapping state in the band gap. On the other hand, type 3 requires the participation of two
trapping levels — one for holes and one for electrons. For this type of deep-level radiation, we
cannot determine the trap energy levels based on the energy difference between the band-to-
band and deep-level PL lines directly.

However, if the defect or impurity luminescence involving two trapping levels (type 3)

consists of a deep state (far from a band edge) and a shallow state (near the other band edge),
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the luminescence will display a strong thermal quenching rate. The reason is that, at high
temperatures the thermal energy can excite the carriers trapped at the shallow state back to the
nearest band edge, thus reducing the PL intensity. The thermal activation energy E, of the
defects or impurities is the energy difference between the shallow state and its nearest band

edge, and is determined by fitting the equation below with the experimental data [10,11]:

'o

I1(T) = (11)

E 1
1+CT3 2expg - A
KT

where I(T) is the PL intensity at a certain absolute temperature T, |, is a constant, C is a fitting
parameter, and k is Boltzmann’s constant. Based on the value of E, and the energy difference
between the band-to-band and deep-level lines, one can then extract the energy level of the deep

state.

Conduction band
S : ® Free electron
o Free hole
@ « Vacant position
@ —» Trapping route
@ — PL emission
A 4
Uw — Trap level
]

o R S0 o 8 o R . J o a0t ) o U 6 )
Valence band

Figure 1.3: Ilustration of recombination schemes of deep-level luminescence from
defects and impurities in c-Si wafers. See the text for descriptions of the three

recombination types.
1.4  Separation of PL signal from various layers at low temperatures

When different layers of various materials are stacked together, if we employ an appropriate
excitation wavelength, the excitation light will be absorbed in all layers (Figure 1.4a). Each of
these layers will then emit its own PL spectrum. Since different materials have their unique
band gaps, absorption coefficients, and radiative recombination mechanisms, the PL spectrum
emitted from each layer is distinct. Therefore, the total spectrum captured contains signatures of
all layers. However, at room temperature, either the PL spectrum is very broad due to thermal
broadening, or some spectral components are reduced in intensity significantly due to thermal

guenching. Therefore, we cannot distinguish the signatures of the individual layers on the



Chapter 1: Photoluminescence in Crystalline Silicon 18

detected spectrum. On the other hand, at low temperatures the PL spectrum is sharp and the
thermal quenching does not impact the luminescence intensity significantly, and thus we can
observe different PL lines associated with different layers unambiguously, as illustrated in
Figure 1.4b.

Excitation light (a) (b)

/”d)\,\ +
pud layer

800 1000 1200
Wavelength (nm)

PL (a.u.)

2RV

Figure 1.4: (a) Different layers absorb the excitation light. (b) Illustration of the
individual spectra emitted from each layer and the total spectrum detected at low

temperatures.

1.5 Photoluminescence spectroscopy systems

In this thesis, PL spectra are captured using two experimental systems: a conventional PL
spectroscopy system in which the on-sample illuminated spot size is several millimeters in
diameter, and a micro-PL spectroscopy system equipped with confocal optics yielding an on-
sample spot size of about one micrometer in diameter. A schematic of the conventional PL
spectroscopy system is given in Figure 1.5. Samples under investigation are excited with a laser
light. The emitted PL signal is focused through a focusing mirror, and then directed into a
double-monochromator and captured by an InGaAs detector. A standard lock-in technique is
employed in order to improve the signal-to-noise ratio. This system allows us to capture the
luminescence signal from silicon wafers with a dynamic range of up to five orders of
magnitude. However, due to the large illuminated spot size, the spatial resolution of this system
is limited and the properties of features smaller than one millimeter are often confounded with
those of surrounding regions.

On the other hand, the micro-PL spectroscopy system can overcome the spatial limitation of
the conventional system. A schematic of this system is plotted in Figure 1.6. A collimated light
source is focused onto a submicron spot on the sample surface through confocal optics. The
emitted PL signal is then collected with the same confocal path, directed into the entrance slit of

a monochromator, and detected with an InGaAs detector. The illuminated spot size can be
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controlled by changing the objective lens. The sample stage is equipped with an X-Y mapping
system which has a minimum step size of 0.3 micrometers. Furthermore, an optical camera is
also installed on the sample stage in order to help locate the area of interest. The system enables
us to examine the luminescence properties of sub-micron structures in c-Si wafers and solar
cells. However, since the PL signal is collected from such a small area on the samples and there
is no lock-in amplification of the signal, the signal-to-noise ratio is reduced significantly

compared to that of the conventional PL spectroscopy system.
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Figure 1.5: Schematic of the conventional PL spectroscopy system employed in this
thesis, adapted from Nguyen et al. [12].
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Figure 1.6: Schematic of the micro-PL spectroscopy system employed in this thesis.
Courtesy of confocal optics, the illuminated spot size is on the order of micrometers

in diameter.

The components in these two PL spectroscopy systems, including the optics and detectors,
are always non-ideal, and thus the emitted spectra are always distorted after passing through
them. Therefore, the detected PL spectra are altered from the real spectra emitted by the c-Si

wafers and solar cells. As shown in Figure 1.7 and Figure 1.8 for the conventional and micro-
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PL spectroscopy systems respectively, the measured spectra from a calibrated tungsten-halogen
light source are remarkably deviated from its expected spectrum. Therefore, in order to have
reliable interpretations on the PL spectra captured, they must be corrected for the spectral
responses of the two systems. These correction factors can be extracted by taking the ratio
between the expected and measured spectra from the calibrated light source in Figure 1.7 and
Figure 1.8. The detected signal is then multiplied with the corresponding correction factor of

each spectroscopic system.
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Figure 1.7: Normalized expected and measured spectra of the calibrated tungsten-
halogen light source from the conventional PL spectroscopy system. The correction

factor is derived from the ratio between the expected and measured signals.
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Figure 1.8: Normalized expected and measured spectra of the calibrated tungsten-

halogen light source from the micro-PL spectroscopy system. The correction factor is

derived from the ratio between the expected and measured signals. The oscillation

pattern between 1200 and 1600 nm is caused by the interference in the optical path

of the experimental system.
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1.6 Summary

In summary, the photoluminescence signal captured is a complicated combination of
numerous phenomena occurring in both the silicon wafers and spectroscopic equipment. The
emitted spectrum itself is determined by the intrinsic properties of silicon, defects and
impurities in the host material, experimental conditions, and surface optics. The detected
spectrum is then affected by the spectral responses of the photoluminescence spectroscopy
systems. However, viewed from a different perspective, these relationships are, in fact,
opportunities for exploring potential applications of spectrally-resolved photoluminescence. By
systematically controlling and monitoring the parameters which can potentially affect the
detected spectra, certain properties of silicon wafers and solar cells can be evaluated. The next
chapters will exploit these complications to establish different applications of spectrally-

resolved photoluminescence-based techniques for silicon photovoltaics.

References

[1] R.R. Parsons, “On the origin of photoluminescence in heavily-doped silicon,” Solid State
Communications, vol. 29, pp. 763-766, 1979.

[2] W.P. Dumke, “Comparison of band-gap shrinkage observed in luminescence from n+-si
with that from transport and optical absorption measurements,” Appl. Phys. Lett., vol. 42,
pp. 196-198, 1983.

[3] J. Wagner, “Photoluminescence and excitation spectroscopy in heavily doped n- and p-
type silicon,” Phys. Rev. B, vol. 29, pp. 2002-2009, 1984.

[4] P. Wiirfel, Physics of Solar Cells: From Basic Principles to Advanced Concepts, Wiley-
VCH, 2009.

[5] P. Wiirfel , “The chemical potential of radiation,” J. Phys. C: Solid State Phys., vol. 15,
pp. 3967-3985, 1982.

[6] P. Waurfel, S. Finkbeiner, and E. Daub, “Generalized Planck's radiation law for
luminescence via indirect transitions,” Appl. Phys. A, vol. 60, pp. 67-70, 1995.

[71 K. Schick, E. Daub, S. Finkbeiner, and P. Wiirfel, “Verification of a generalized Planck
law for luminescence radiation from silicon solar cells,” Appl. Phys. A, Solids Surfaces,
vol. 54, pp. 109-114, 1992.

[8] T. Trupke, E. Daub, and P. Wirfel, “Absorptivity of silicon solar cells obtained from
luminescence,” Sol. Energy Mater. Sol. Cells, vol. 53, pp. 103-114, 1998.

[91 P. Waurfel, T. Trupke, T. Puzzer, E. Sch affer, W. Warta, and S. W. Glunz, “Diffusion
lengths of silicon solar cells from luminescence images,” J. Appl. Phys., vol. 101, pp.
123110-1-123110-10, 2007.



Chapter 1: Photoluminescence in Crystalline Silicon 22

[10]

[11]

[12]

M. Suezawa, Y. Sasaki, and K. Sumino, “Dependence of photoluminescence on
temperature in dislocated silicon crystals,” Phys. Status Solidi A, vol. 79, pp. 173-181,
1983.

M. C. Schubert, P. Gundel,M. The,W.Warta,M. Romero, S. Ostapenko, and Tz. Arguirov,
“Spatially resolved luminescence spectroscopy on multicrystalline silicon,” in
Proceedings of 23rd EU-PVSEC, Valencia, pp. 17-23, 2008.

H. T. Nguyen, F. E. Rougieux, B. Mitchell, and D. Macdonald, “Temperature dependence
of the band-band absorption coefficient in crystalline silicon from photoluminescence,” J.
Appl. Phys., vol. 115, pp. 043710-1 -043710-8, 2014.



CHAPTER 2

Temperature Dependence of Band-to-Band

Absorption Coefficient

he absorption of light in a silicon sample can either generate heat inside the sample since
Tsome of the light’s energy is converted to lattice vibrations, or promote electrons located
in the valence band to the conduction band. Only the latter case of absorption generates free
electrons and holes, which contribute to the photo-generated current of a silicon solar cell. This
absorption is called band-to-band absorption. On the other hand, only the free electrons and
holes can give rise to band-to-band photoluminescence spectra. Therefore, the band-to-band
photoluminescence spectra and the band-to-band absorption are closely related together, and to
some extent, directly reflect the material quality and the performance of final silicon solar cells.
The band-to-band absorption is characterized by the band-to-band absorption coefficient.
This coefficient is a key parameter in modeling and characterizing semiconductor devices. Due
to its significance, the value of this coefficient has received great attention from many
researchers over the past several decades. Numerous efforts have been made to determine the
precise value of the coefficient at different temperatures and wavelengths using different
methods, such as the conventional transmission and reflection technique, spectral response

measurements on a silicon solar cell, and spectrally-resolved photoluminescence data. However,
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none of the established works has densely covered the practical working temperature range of
silicon solar cells. Therefore, this chapter is devoted to re-examining the established data of the
band-to-band absorption coefficient. It also fills in the gap in the temperature data of this
coefficient around room temperature, in particular from 249 to 363 K with a step of 10 K, a
region in which there are relatively sparse experimental data in the literature.

In more specific terms, the chapter utilizes the generalized Planck’s law, which describes
the spontaneous generation rate of photons from a silicon volume element. In principle, the
absorption coefficient could be directly extracted from the spontaneous photoluminescence
spectrum. However, around room temperature, it is never possible to capture the actual
spontaneous shape of the spectrum. Due to the reabsorption of these generated photons and the
different values of the absorption coefficient at different wavelengths, various parts of the
spectrum itself are affected non-uniformly by the reabsorption. As discussed in section 1.2, the
band-to-band absorption coefficient, excess carrier distribution inside the wafer, and surface
optics all play critical roles on the final spectrum detected. Therefore, at a given temperature, if
the excess carrier profile and surface optics are well controlled, the values of the absorption
coefficient versus wavelength can be extracted accurately from the spectrum captured.

This work has been published. However, a very important point, which was not discussed in
the publication, is the impact of excess carriers on the apparent band gap of silicon. Under high
injection, the band gap of silicon will be effectively narrowed, leading to higher values of the
absorption coefficient across all wavelengths. According to the literature [1,2], the simulated
excess carrier density of ~8x10'® cm™ in this publication could reduce the apparent band gap of
silicon by ~10 meV. However, the simulation was done for the worst case scenario, in which
the peak intensity of the Gaussian-shape laser beam was considered to be the average intensity
and the lateral carrier diffusion was assumed to be negligible. Therefore, the actual impact of
excess carriers on the band gap of silicon must be less than the value mentioned above. In fact,
the luminescence spectrum reconstructed from an unpassivated silicon brick, using the
absorption values established in this work, is matched with the spectrum reported by Mitchell et
al. [3] very well (Figure 11 in this publication). The average injection level in Mitchell et al.’s
work is ~2x10™ cm’. Therefore, the impact of excess carriers on the established absorption data

is unlikely to be significant.
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The band-band absorption coefficient in crystalline silicon has been determined using spectral
photoluminescence measurements across the wavelength range of 990-1300 nm, and a parameterization
of the temperature dependence has been established to allow interpolation of accurate values of the
absorption coefficient for any temperature between 170 and 363 K. Band-band absorption coefficient
measurements across a temperature range of 78-363 K are found to match well with previous results
from MacFarlane et al. [Phys. Rev. 111, 1245 (1958)], and are extended to significantly longer
wavelengths. In addition, we report the band-band absorption coefficient across the temperature range
from 270-350K with 10K intervals, a range in which most practical silicon based devices operate, and
for which there are only sparse data available at present. Moreover, the absorption coefficient is shown
to vary by up to 50% for every 10K increment around room temperature. Furthermore, the likely origins
of the differences among the absorption coefficient of several commonly referenced works by Green
[Sol. Energy Mater. Sol. Cells 92, 1305 (2008)], Daub and Wiirfel [Phys. Rev. Lett. 74, 1020 (1995)],
and MacFarlane et al. [Phys. Rev. 111, 1245 (1958)] are discussed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4862912]

. INTRODUCTION

Numerous experimental studies'~” have reported measure-
ments of the band-band absorption coefficient in crystalline sil-
icon in the wavelength range near the energy band-gap.
Among them, MacFarlane er al.' used the transmission and
reflection characteristics of silicon to establish data at different
temperatures, but in a relatively limited wavelength range.
Weakliem and Redfield® applied the same method but with
elevated temperatures up to 475 K and down to wavelengths as
small as 460 nm. Green and Keevers,” later updated by Green,”
and Daub and Wiirfel® produced their data independently at
300K and 295K, respectively, with a broader wavelength
range compared with MacFarlane et al. These latter data sets
are commonly used today although there is some deviation
between them. Green” extracted the data from both the trans-
mission and reflection method and the spectral response of
high-efficiency silicon solar cells’> while Daub and Wiirfel®
analyzed photoluminescence (PL) spectra emitted from opti-
cally excited silicon. Later, Trupke er al.” again utilized this
PL-based method to extract data at temperatures covered in the
experiment of Ref. 1, but for longer wavelengths.

Recently, there have been some new applications
relating to silicon solar cells based on fitting photolumines-
cence spectra. Schinke er al.® modeled the emitted spectra
for silicon wafers with different surface geometries, while
Mitchell er al.’ extracted the bulk lifetime of minority car-
riers in silicon bricks using a fitting of the full PL spectra.
These techniques require the band-band absorption
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coefficient as a key input parameter. They were carried out
at 295K, and both found that the spectra could be fitted bet-
ter with Daub and Wiirfel’s data (Ref. 6) rather than Green’s
(Ref. 4). There is significant disagreement in these data sets
at wavelengths between 1180-1250nm, a region which is
important for the fitting procedures of the techniques above.
However, to date there has been no direct reassessment of
the band-band absorption coefficient in order to verify the
data at these wavelengths and at this temperature. Moreover,
temperatures in experiments of MacFarlane er al. and
Trupke et al. do not densely cover the range in which practi-
cal solar cells and microelectronic devices usually operate,
and thus there is still a lack of information on the band-band
absorption coefficient in crystalline silicon.

The PL-based approach has been demonstrated to have
some advantages over the conventional reflection and trans-
mission approach. Previous works®’ have shown that it is pos-
sible to determine values of the band-band absorption
coefficient as low as 107’ cm ™" at room temperature (RT) via
PL measurements, courtesy of the direct relationship between
the band-band absorption and emission processes.''™* Such
sensitivity is not possible with the reflection and transmission
method, since impractically thick samples would be required.
In any case, free carrier absorption would mask the band-band
absorption processes at longer wavelengths in such a transmis-
sion experiment,” while PL-based data are largely unaffected
by free carrier absorption.'® Therefore, in this study, we again
take advantage of this PL-based technique to empirically
determine the band-band absorption coefficient in crystalline
silicon. First, we perform the measurements at different tem-
peratures and establish a tabulated data set from 78-363 K,
especially in the range from 270-350K with a step of 10K,

© 2014 AIP Publishing LLC
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which covers the typical operation temperature of silicon
based devices. Next, we investigate the impact of temperature in
this temperature range around RT on the band-band absorption
coefficient. In addition, we provide a parameterization of the
temperature dependence of the absorption coefficient for wave-
lengths from 990—1300 nm, from which values can be calculated
for any temperature between 170 and 363 K. Furthermore, we
elucidate the inconsistencies of the absorption data among
MacFarlane et al.,1 Daub and Wiirfel,6 and Green.* Finally, we
extend the data up to the wavelength of 1500 nm at 297 K.

Il. THEORY AND METHOD

The spontaneous generation rate of photons per volume
and energy interval due to band-band transitions in an
excited non-degenerate semiconductor is described by the
generalized Planck law''™"

dry, = C(hw) app (hw)exp (%) exp (%) d(hw), (1)

with apg(hw) the band-band absorption coefficient, k
Boltzmann’s constant, and T the absolute temperature of the
sample. C is given by n?/(n*h’c}), with n the refractive
index of silicon and ¢y the speed of light in vacuum. As
measured in Ref. 14, the refractive index varies approxi-
mately 0.5% for every 100 nm wavelength increment around
the band-gap, and less than 0.03% for every 10K increment.
Hence, C is usually considered as a constant in Eq. (1). Ay is
the difference between the quasi-Fermi levels of electrons
and holes under illumination. Since An is independent of
wavelength, the exp(An/kT) factor is also a constant for a
fixed injection level at a particular temperature.

To obtain the total photon flux outside the sample, one
has to integrate Eq. (1) over its thickness and account for the
reabsorption of emitted photons within it. For planar samples
excited by monochromatic light, the photon flux, in this case
called the PL signal, emitted outside these samples per
energy interval is given by®’'%!!

by drpAlio)
40(33)’12
1 2 —ho An

2

with A(7iw) the absorptivity at a given energy, which is
approximated via the following formula after multiple inco-
herent reflections between two surfaces are included®’-'%!!

[1_ Rf(hw)][l _ efaBB(hw)d][l_’_Rb(hw)efocgg(hw)d]

Alhw)=
() 1 — Ry (ho)Ry (hav)e=22s(ho)d

3)

with d the sample thickness, Ry and R, the reflectivity of the
front and back surfaces relative to the illuminated side. As
simulated with the OPAL optical simulator developed by
McIntosh and Baker-Finch'>'® at wavelengths 1100 and
1200 nm, the internal reflectivity of emitted luminescence at
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the silicon/SiN/air interface varies less than 10% relative for
incident angles less than the critical angle for the sample
investigated in this study. Based on this modeling, we con-
clude that the internal reflectivity is effectively independent
of the angle of incidence for rays that contribute to the PL
signal, and equal to the externally measured reflectance for a
normally incident beam.

In order for Egs. (2) and (3) to be valid, the charge car-
rier profile must be homogeneous through the sample thick-
ness, and the reabsorption of emitted photons is assumed to
be dominated by the band-band absorption,®’ rather than
other processes such as free carrier absorption. The first point
is true for samples whose diffusion lengths are several times
larger than their thicknesses, while the second assumption
was justified by Trupke er al.'® for wavelengths below
1300 nm for silicon wafers with standard background doping
levels in solar cell applications, in which the free carrier den-
sity is less than 2 x 10" em ™.

An advantage of this photoluminescence technique is that
one can avoid the need to measure the absolute values of PL
spectra, which is difficult in practice. The PL signal is instead
measured in relative units using an optical spectrometer, from
which the relative absorptivity is calculated by dividing the PL.
signal by the (hw)2exp(—hw/kT) term, in accordance with
Eq. (2). A scaling factor is then obtained from one absolute
value of the absorptivity, calculated from Eq. (3) together with
one literature value of opp from Ref. 1 at 1065 nm (for 78 and
90K) or 1110nm (for other temperatures), and the relative
one. The reason for choosing these two wavelengths will be
explained in Sec. IV A. This scaling factor is used to convert
all relative data of the absorptivity into absolute data. Finally,
Eq. (3) is solved to acquire o;pp for all wavelengths.

Note that further reference to the absorption coefficient
in this paper refers to band-band transitions only.

lll. EXPERIMENTAL DETAILS

Figure 1 shows the schematic of our experiment. Our
sample was illuminated from the front by a mechanically
chopped monochromatic laser diode, and the emitted PL sig-
nal was detected from the same side. The laser beam was
perpendicular to the sample surface. The laser had a wave-
length of 785 nm, on-sample power of 250 mW, and beam
diameter of 2.2 mm. The emitted signal was focused onto the
entrance port of a double-grating monochromator with
blazed gratings of 600 grooves/mm and 1000 nm blaze by a

/Focusmg Mirror
Double-grating || InGaAs
monochromator [| detector
Output from Final
Longpass filter InGaAs detector O"Utpll;t °
Reference —s| Lock-in 7Py
from Chopper LAmplifier

FIG. 1. Schematic of the photoluminescence spectroscopy system used to
capture the PL spectra emitted from silicon.



043710-3 Nguyen et al.

focusing mirror whose central point, along with the illumi-
nated spot, created an angle of about 5° relative to the laser
beam (this angle is denoted by 0 in Figure 1). The signal was
then captured by a liquid-nitrogen-cooled InGaAs detector
with a 1 mm? active area. The detector output, along with a
reference signal from the optical chopper, was fed into a dig-
ital lock-in amplifier where the PL spectrum was measured
with a modulation frequency of 500 Hz. The final output was
connected to a pre-amplifier before being displayed by a
computer. A long-pass filter was located in front of the
monochromator to avoid the laser light being reflected
directly towards the detector. A liquid-nitrogen-cooled cryo-
stat was used to control the sample temperature precisely
from 78 to 363 K. The spectra were measured at wavelength
intervals of Snm and a typical integration time of 10s. The
slit width was adjusted to allow a wavelength integration
interval of 5 nm for each data point.

The investigated silicon sample was a high quality
phosphorus-doped n-type float zone wafer, 220 um thick,
whose two sides were chemically polished to achieve planar
surfaces. The resistivity was 3Qcm, corresponding to a
background doping level of 1.6 x 10">cm . Both surfaces
were passivated by a 75nm thick layer of silicon nitride
(SiN) deposited by plasma-enhanced chemical-vapor deposi-
tion (PECVD). The external reflectivity of both sides was
measured accurately by a spectrophotometer with a built-in
150 mm integrating sphere and automated reflectance and
transmittance analyzer. Before the PL measurement, the
sample was irradiated for two hours and the temperature was
monitored with a thermocouple mounted behind the illumi-
nated spot. The temperature increased less than 1.5 K, allow-
ing us to neglect the heating effect on the illuminated spot.

Under the high injection conditions that prevail during
the PL measurements in this study, the passivation quality
of the SiN films may be quantified via the so-called emitter
saturation current density Jo. '’ This quantity was measured
with the transient photo-conductance decay technique'®
under high injection, and was found to have a value of 11
fA/cm? for both sides combined. Typically, this parameter is
used to characterize the surface recombination associated
with diffused layers, however, it is also applicable to surfa-
ces under high injection passivated by dielectric films with
high fixed charge densities, such as the SiN films used here.
The fixed charge induces a charge separation layer just
below the surface, which acts in a similar manner to a dif-
fused region in terms of recombination. From this value of
the saturation current density, the carrier profile as a function
of depth was simulated with the simulation spreadsheet
developed by Cuevas.'”?” Klaassen’s mobility model?!*?
was used to estimate the carrier mobilities in this simulation,
and the Auger lifetime was estimated via the model of Kerr
and Cuevas.” The laser has an average intensity of 60 suns
and a spatial Gaussian distribution. The simulation was car-
ried out under a generation rate of 120 suns, which is equiva-
lent to the peak intensity of the laser at the center of the
illuminated spot.

Figure 2 shows the simulated excess carrier profile at
the center of the illuminated spot through the thickness of
the investigated wafer at RT. The difference between the
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FIG. 2. Simulated excess carrier profile at the center of the illuminated spot
at RT.

front and back surfaces is less than 15%, indicating an
almost uniform carrier distribution. Outside this central
point, the minority carrier lifetime, and therefore the diffu-
sion length, will be even larger, due to the lower local injec-
tion level, thus the carrier profile will be more uniform than
the center. Therefore the conditions for which Eq. (2) is valid
are fulfilled. At other temperatures, we assume that no signif-
icant non-uniformities arise in the carrier profile, which we
find justified by the very good agreement with the data of
MacFarlane et al., as shown below.

IV. RESULTS

A. Temperatures in the experiment of MacFarlane
etal.

With the temperature controlled precisely (varied less
than 0.5 K) by a liquid-nitrogen-cooled cryostat, PL spectra
were captured at the same temperatures covered in the
experiment of MacFarlane et al.' This was done in order to
verify the accuracy of our data across a range of tempera-
tures, and also to extend the data of MacFarlane et al. to lon-
ger wavelengths.

The resulting normalized PL spectra are shown in
Figure 3. The spectra clearly show two fundamental charac-
teristics of silicon luminescence. The first is the band-gap

10°F

PL signal [normalized]

" | L " 1 " L | L
1100 1200 1300
Wavelength [nm]

L 1 "
1000

FIG. 3. PL spectra captured at temperatures covered in the experiment of
MacFarlane et al.
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widening effect at low temperature.>* The band-band peak at
the highest point of the spectrum is shifted toward shorter
wavelength side, i.e., higher energy, when the temperature
decreases from 363 down to 78 K. The second feature is the
evolution of the phonon edges with temperature. In figure,
three shoulders in each spectrum can be observed for each
temperature, and these become more distinguishable at lower
temperatures. These three shoulders, starting from left to
right, correspond to photon emission mediated by the con-
comitant emission of one-, two-, and three-phonons, respec-
tively. Since the density of phonons is reduced and their
energy distribution is narrowed at low temperatures, the
shoulders become sharper and more distinct as the tempera-
ture is reduced. Due to the widening of the band-gap, these
shoulders also move to higher energies at lower tempera-
tures. A shoulder corresponding to photon emission medi-
ated by single-phonon absorption can also be observed at
wavelengths around 1050 nm at high temperatures.

These spectra, along with digitized values of the absorp-
tion coefficient from MacFarlane ez al." at 1065 nm for 78 and
90K and at 1110nm for other temperatures, were used to
extract the absorption coefficient values for wavelengths from
990-1300 nm. The first wavelength at 1065 nm was chosen to
avoid the very sharp transition of the band-band peak at low
temperatures, while the second wavelength at 1110nm was
selected to avoid the phonon edges where the temperature
uncertainty had a larger impact at higher temperatures. Also
note that Ref. 1 represented the data in terms of the square
root of the product of the energy and the absorption coefficient
versus the energy (see Figure 1 in Ref. 1). In this work, we
have converted these values into the absorption coefficient.

Figure 4 plots our data and the data of Ref. 1. The data sets
agree very well, except for a small variation at high wavelengths
around 1150 nm. At these wavelengths, the values of the absorp-
tion coefficient are on the order of 1x 10> cm™", which is diffi-
cult to measure precisely by the conventional transmission and
reflection approach. Meanwhile, the band-band peak of the PL
spectrum is located around 1150 nm, where the signal-to-noise
ratio in our PL measurements is larger than 10°, as depicted in
Figure 5, giving a small measurement uncertainty. In addition,
given the linear axis used in the plot of MacFarlane ef al.,' there
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ferent temperatures 78, 90, 112, 170, 195, 249, 291, and 363K in this work
(solid lines) in comparison with MacFarlane et al. (open circles).
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FIG. 5. Signal-to-noise ratio of PL spectra around RT. The data were
obtained by subtracting the average background noise from the PL signal,
then dividing the results by two standard deviations of the background
noise.

is an increasing amount of digitization error when extracting
data at these low values of the absorption coefficient. Finally,
the very good agreement evidently validates our assumption of
homogeneous carrier profiles at the various temperatures
studied.

B. Temperatures around RT

With the very good agreement with the data of
MacFarlane et al., we extended our measurements to different
temperatures which were not covered in their experiment. The
PL spectra are plotted in Figure 6. These temperatures, from
270 to 350K, cover a more practical operation range for sili-
con based devices.

In Figure 7, we have plotted values of the absorption
coefficient extracted from Ref. 1 at 1110nm (1.117eV) ver-
sus temperature, and then fitted these points with a 6th order
polynomial. From this function, we interpolated values at
other temperatures near RT. These values, along with the
spectra in Figure 6, were used to calculate the absorption
coefficient data at temperatures between 270 and 350K at
10K intervals, which are presented in Figure 8. These data
may be useful for modeling the operation of working devices
such as solar cells. The data at 297 K are also presented here
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FIG. 6. PL spectra at temperatures near RT, from 270-350 K.
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since this temperature is often considered to be room
temperature.

Further, we have calculated the relative change of the
absorption coefficient for several 10K increments around
RT. The results, plotted in Figure 9, show that the variation
is mostly less than 20% for wavelengths between 990 and
1150 nm, but increases up to 50% and above for wavelengths
between 1200 and 1300 nm. Therefore, we conclude that rel-
atively small changes in temperature can significantly impact
the band-band absorption coefficient in crystalline silicon.

C. Parameterization of the temperature dependence

With the dense intervals of temperatures and wave-
lengths in our experiments, we can establish an accurate
temperature-dependent parameterization of the absorption
coefficient. For each wavelength, we used the values from
six different temperatures 170, 195, 249, 291, 310, and
363K to build a 5th order polynomial fitting function, which
had the form of ZfioaiTi. The coefficients a; of this polyno-
mial are called the temperature coefficients in this work,
from which the data at other temperatures can be interpo-
lated. Figure 10 shows our reconstructed data using these
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FIG. 9. Relative increment of the absorption coefficient for every 10K in-
crement around RT.

coefficients from this fitting method compared with experi-
mental data at some intermediate temperatures. The data sets
are in excellent agreement. With these temperature-
dependent parameters, one can interpolate the values of the
absorption coefficient at any given temperature between 170
and 363 K for wavelengths from 990-1300 nm.

The advantage of our method is that it is based on interpo-
lation of relatively dense data. By comparison, Green* obtained
the temperature coefficients for wavelengths above 840 nm by
extrapolating data from Ref. 26, in which the experiments were
performed for wavelengths below 840 nm. Also note that this
extrapolation misses the details of the temperature dependence
of changes in band-gap energy, the shift of phonon edges, and
the broadening of phonon distributions when the temperature
increases. Our experiments allow the changes in those features
with temperature to be revealed clearly in the spectra, and are
accurately described by the interpolation method.

D. Comparison with independently measured spectra

As an additional verification of the accuracy of our
absorption coefficient data, we reproduce the full PL spec-
trum fitting demonstrated in Mitchell e al.’ on a 5in. thick
monocrystalline Cz-grown silicon brick (see Ref. 9 for the
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FIG. 10. Comparison of the absorption coefficient from this work between
the experimental data and the reconstructed data using the 5th order polyno-
mial fitting.
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FIG. 11. Experimental PL spectrum of silicon brick from Mitchell et al.
with theoretical fit using our interpolated absorption coefficient at 295K as
the input parameter. Fits using the data of Daub and Wiirfel, and Green are
also shown here for comparison.

full fitting procedure). The absorption coefficient is a key
input parameter in the fitting of the theoretical spectrum, as
proposed by Green.”” Mitchell et al. used the absorption
coefficient data published by Daub and Wiirfel® and Green®*
to fit the brick measurement (see Figure 9 in Ref. 9). Here,
we reproduce this graph, but also include the fit using our
absorption data at 295K as the input for Green’s formula.
We employed the interpolation procedure described above to
obtain values at 295 K.

The spectral PL. measurement carried out by Mitchell
et al. varies from the one used in this study, for example, in
the laser wavelength and power, the size of the illuminated
spot, and the type of monochromator. Importantly, the sam-
ple used by Mitchell et al. is an unpassivated silicon brick
rather than a thin and passivated silicon wafer as in our
study. Despite these differences in the experimental
approach, our data give excellent agreement with the meas-
ured spectrum in Mitchell et al., as shown in Figure 11.

We note that in Figure 11, the fit using Green’s data is
30% higher than the experimental spectrum at wavelengths
around 1200 nm, while the two fits using Daub and Wiirfel’s,
and our data are almost identical to the experiment. This var-
iation will be clarified in the Sec. IV E.
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FIG. 12. Absorption data at 295K. The insert is a zoomed-in section of
wavelengths from 1140-1250 nm.
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E. Comparison of RT absorption coefficient data

We compare and elucidate the inconsistencies of the
absorption data at 295K among some commonly used
works. Daub and Wiirfel’s,6 Green’s,4 and our data are
shown in Figure 12 and their relative variations in Figure 13.
At 295K Green’s data were exponentially extrapolated using
the temperature coefficients from Ref. 4.

In Figure 13, our data are consistently around 15%
lower than Daub and Wiirfel’s. This difference could stem
from the scaling method to get the absolute absorptivity.
Daub and Wiirfel® assumed that the absorptivity was satu-
rated on the high energy side of the spectrum, i.e., aggd > 1,
and used the absolute value A = /—R, where R is the surface
reflectivity, to obtain the scaling factor. However, this is
not entirely accurate, since ogpd > 1, with the authors’ sam-
ple thickness of 262 um, would require ogg>>40 cm™ .
However, even at the wavelength of 950 nm, wapp is just
150cm ! at 295K (extrapolated from Ref. 4), and does not
fully satisfy the saturation condition. Second, the excess car-
rier density can be slightly reduced at the surface due to
imperfect surface passivation. Since on the high energy side,
more photons are emitted by a volume near the surface than
from deeper inside the sample,*® this suppressed carrier con-
centration near the surface may reduce the relative strength
of the high energy part of the PL spectrum. Thus, scaling the
high energy side to /-R may shift up the entire data set. By
comparison, in the experiments of MacFarlane et azl.,1 for
wavelengths close to the band-gap, such as 1110nm
(1.117eV) as we have chosen to scale our data, one just
needs to measure the reflectance and transmittance, and the
sample thickness, to extract the absorption coefficient accu-
rately. The errors in these measurements were estimated
to be about 1%,'*’ thus too small to significantly affect the
absorption coefficient. Therefore, we can minimize these
possible systematic errors. However, it should also be noted
that the experimental uncertainties in both Daub and
Wiirfel’s, and our data could also contribute to the differen-
ces in Fig 13, in particular at longer wavelengths, where the
signal-to-noise ratio for our data decreases to around 10 at
1300 nm, as shown in Figure 5. In a similar way, Daub and
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FIG. 13. Quantitative comparison of the absorption data among this work,
Green, and Daub and Wiirfel at 295 K.
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Wiirfel’s data must also have been subject to a decreasing
signal-to-noise ratio at longer wavelengths.

In addition, Figure 13 also shows that Green’s data are
15% lower than Daub and Wiirfel’s for wavelengths below
approximately 1170nm, but increase to 10% higher than
Daub and Wiirfel’s for longer wavelengths. Since Schinke
et al® and Mitchell er al.’ normalized their spectra to the
band-band peak around 1150 nm, they saw up to 30% devia-
tion using Green’s data at wavelengths around 1200 nm.

Finally, Figure 14 compares the absorption data from
this work, Daub and W'Lirfel,6 and Green* with MacFarlane
et al." at 295 K. The data of MacFarlane er al. were interpo-
lated by a 4th order polynomial derived from data at temper-
atures 195, 249, 291, 363, 415K from Ref. 1. The
wavelength range is limited from 1070—-1150nm where the
data used to create the polynomial fitting are available.
Green’s and this work’s values vary less than 6% from
MacFarlane et al., as expected since they were scaled to the
data of MacFarlane et al. Daub and Wiirfel’s data set shows
consistently 15% higher values possibly due to the different
scaling method used in that work and the uncertainties in the
measurements, as described above.

F. Extended wavelengths at 297 K

We have also extended the measurement at 297 K up to
the wavelength of 1500 nm. In this experiment, we did not
use the cryostat to control the temperature, since the cryostat
reduced the PL signal significantly, due to absorption and
reflection from the cryostat windows, leaving the signal too
noisy to be captured at longer wavelengths. With the cryostat
removed, we measured the spectrum in two parts: the first
with wavelengths from 950-1310nm and the second from
1255-1500nm. Since the residual PL signal of the second
half is more than an order of magnitude lower, this section
was captured with the maximum gain of the lock-in ampli-
fier, and with an increased integration time of 200 s for each
wavelength. The relative spectrum was then scaled down to
match the first half, and the two spectra stitched together,
while other experimental conditions were kept unchanged.
This scaling factor (SF) was swept through a variety of
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FIG. 14. Quantitative comparison of the absorption data from this work,
Daub and Wiirfel, and Green with MacFarlane et al. at 295K for wave-
lengths from 10701150 nm.
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values, for each of which the weighted sum of square error
(SSE) was computed for the overlapping part of the two
halves by Eq. (4), and then the value giving the least SSE
was chosen

SSE = Z

overlapped

<lst — 2nd x SF>2' @

1st

With this stitching technique, we were able to extend the
data to wavelengths up to 1500 nm. However, we observed a
small peak at wavelengths between 1415-1420 nm, denoted
by a dotted circle in Figure 15, in all of our measurements for
numerous different samples. This unexpected peak was not
caused by the laser’s second harmonic since its wavelength
was 785 nm. Thus, we hypothesize that this peak was a very
weak, unidentified optical artifact of our system. Also note
that the signal-to-noise ratio was in general improved in these
measurements, due to the increased PL signal with the cryo-
stat removed. At 1300 nm, the signal-to-noise ratio was esti-
mated to be 40 compared to around 10 for the cryostat data.
However, at 1500 nm, the signal-to-noise ratio decreased fur-
ther, approaching values around 1, and therefore reaching the
sensitivity limit of our experimental setup.

Using the same method as in Secs. IV A and IV B, this
spectrum, along with the value of the absorption coefficient
at wavelength 1110 nm from MacFarlane et al.,1 was used to
scale and compute our data at 297 K. Our data with and with-
out using the cryostat, along with data from Green at 297 K
(extrapolated from Ref. 4), and Daub and Wiirfel® at 295 K,
are shown in Figure 16 for a qualitative comparison. In the
figure, the two data sets with and without using the cryostat
are almost identical. This again confirms that the cryostat did
not cause any systematic errors in our previous experiments.
However, it should also be noted that the data at wavelengths
above 1300nm may be more impacted by free carrier
absorption than in the narrower wavelength range presented
above.
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FIG. 15. PL spectrum captured by the stitching method at 297 K without
using the cryostat. The second half (red solid) was captured with maximum
gain of the lock-in amplifier, which was scaled down (blue solid) to match
the first half (black dash). The insert is a zoomed-in section of the overlap-
ping region.
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V. CONCLUSIONS

We have presented temperature-dependent data for the
band-band absorption coefficient in crystalline silicon, across
a wavelength range from 990-1300 nm from spectral photo-
luminescence measurements, and established a parameteriza-
tion of the data to allow interpolation of accurate values of
the band-band absorption for any temperature between 170
and 363 K. Our data show very good agreement with the data
of MacFarlane et al. In addition, we have demonstrated the
significant impact of temperature on the band-band absorp-
tion coefficient near room temperature. Furthermore, we
have discussed the possible origins of mismatches among the
data sets of MacFarlane et al., Green, and Daub and Wiirfel.
Finally, we have extended data up to the wavelength of
1500 nm at 297 K. All data for the absorption coefficient, the
temperature-dependence parameters for each wavelength,
and the normalized PL spectra are tabulated in the electronic
attachment to this paper.’”
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CHAPTER 3

Temperature Dependence of Radiative

Recombination Coefficient

lectrons which are excited to the conduction band of silicon have limited lifetimes. If there
Eis no path for them to move to an external circuit, they will eventually fall back into the
valence band and recombine with free holes. This process can generate photons, phonons, or
both. When photons are generated, the process is known as radiative recombination. Otherwise,
it is referred to as non-radiative recombination.

In a non-radiative recombination process, if the excess energy of a free electron is
transferred to another hole or electron, the secondary excited carrier will be eventually
thermalized back to its corresponding band edge and release the transferred energy in the form
of heat. The process does not require the participation of any defects or impurities, and hence is
an intrinsic property of silicon. This process is known as Auger recombination. On the other

hand, if the material contains defects and impurities, these defects and impurities may occupy
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different energy levels inside the silicon band gap, which can act as trapping sites for free
electrons and/or holes. Because the excess energy of free carriers can be distributed into the
material lattice in small portions through the emission of individual phonons, this trapping-
state-assisted recombination is more likely to happen than Auger recombination in silicon
wafers and solar cells. This recombination process is called Shockley-Read-Hall recombination.

On the contrary, in a radiative recombination process, some parts or all of the excess energy
are released in the form of photons. If the material contains defects and impurity centers inside
the band gap, the free electrons can be first trapped at these centers and loose some fractions of
their excess energy via phonon emissions. After that, they recombine with the free holes in the
valence band and give rise to luminescence signals. This phenomenon is classified as deep-level
luminescence, and it directly reflects the properties of defect and impurity centers in silicon.
Chapters 5, 7, 9, and 10 will exploit some applications of this phenomenon.

In case the free electrons fall back directly to the valence band from the conduction band
and release their excess energy in the form of photons, the emitted luminescence spectrum is
called the band-to-band spectrum. The global parameter characterizing this type of
recombination is the radiative recombination coefficient. Since the band-to-band absorption
coefficient is closely related to the emitted spectrum, the radiative recombination coefficient is,
in principle, also correlated with the band-to-band absorption coefficient. In fact, by applying
the generalized Planck’s law, the relationship between the two parameters can be determined.
Moreover, the well-established temperature data of the band-to-band absorption coefficient in
Chapter 2 allow one to calculate the radiative recombination coefficient at different
temperatures accurately. This chapter is, therefore, aimed to exploit the relationship between the
two parameters to establish a complete temperature dataset for this very important

recombination coefficient in silicon photovoltaics.
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The radiative recombination coefficient B(7T) in crystalline silicon is determined for the
temperature range 90-363 K, and in particular from 270 to 350 K with an interval of 10K, where
only sparse data are available at present. The band-band absorption coefficient established
recently by Nguyen et al. [J. Appl. Phys. 115, 043710 (2014)] via photoluminescence spectrum
measurements is employed to compute the values of B(T) at various temperatures. The results
agree very well with literature data from Trupke et al. [J. Appl. Phys. 94, 4930 (2003).] We
present a polynomial parameterization describing the temperature dependence of the product of
B(T) and the square of the intrinsic carrier density. We also find that B(T) saturates at a near
constant value at room temperature and above for silicon samples with relatively low free carrier
densities. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869295]

Efficiencies of light emitting devices based on crystalline
silicon have been improved significantly. Such devices have
been demonstrated to have external efficiencies exceeding
10% at low temperature and 6% at room temperature (RT)
for photoluminescence (PL)." Thus, a comprehensive model
accurately describing the temperature dependence of the radi-
ative recombination coefficient B(T) is essential for accurate
modelling and simulation of such light emitting devices, and
also for silicon solar cells. There have been numerous works
in which values of B(T) were determined at different temper-
atures both theoretically and empirically.>® These authors
determined B(T) via two different methods. The first
approach®® is to measure the spontaneous radiative emission
rate R and the carrier densities n and p, then apply the for-
mula R =B x n X p to extract B. The second approach® is to
determine the band-band absorption coefficient and then
apply the van Roosbroech and Shockley theory’ or the gener-
alized Planck law.®® The most recent works carried out by
Trupke et al.” and Altermatt er al.® have established the val-
ues of B(T) at different temperatures and free carrier den-
sities, respectively, using the second method. However, data
in Trupke et al. and Altermatt et al. are limited to only a few
temperatures due to the limited temperature resolution of the
band-band absorption coefficient data.

Recently, the band-band absorption coefficient in crys-
talline silicon has been reassessed empirically, and its tem-
perature dependence has been formulated by Nguyen
et al.,'® courtesy of spectral photoluminescence measure-
ments. In this Letter, we again employ the second approach
to determine the values of B(T) across the temperature range
of 90-363 K, and in particular around RT with an interval of
10K, using the experimental values of the band-band absorp-
tion coefficient from Nguyen et al. We also establish a
parameterization of the temperature dependence to allow
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accurate interpolation of data in the temperature range of
90-363 K, and find that the radiative recombination coeffi-
cient saturates at a near constant value at RT and above for
silicon samples with low free carrier densities.

The radiative recombination coefficient in crystalline sil-
icon at a given temperature is determined via the formula®®

1 1 1
B(T) =—x ﬁj n* % (ho)? x app(hw, T)
ny  mhic? !

X exp <%) « d(hw)] , 1

where ¢ is the speed of light in vacuum, & is Botlzmann’s
constant, 7T is the absolute temperature of the sample, 7 is the
refractive index of silicon, ogg(fiw, T) is the band-band
absorption coefficient whose values are a function of energy,
and temperature, and #; is the intrinsic carrier density. The
values of n; depend on the temperature and the free carrier
density, and several works have been performed to determine
accurate values of this parameter.l =15 In this work, to avoid
the dependence on the choice of model for the intrinsic car-
rier density, instead of placing the emphasis on determining
values of the radiative recombination coefficient B(T), we
will consider the more general parameter B(T) x ni.
Multiplying both sides of Eq. (1) with n;? yields

oo

1 5 2

——— | |n° x (hw)” x agg(hw, T

n2h3cgJ [ (hev)” x agp (heo, T)
0

X exp (—k_hTa)> X d(hw)] ) ()

From Eq. (2), to calculate B(T) x n,-z, one needs to know
the refractive index n and the absorption coefficient
apgg(hw, T). The refractive index is also a function of
energy and temperature, and is extracted from Green.'® The

B(T) x n} =

© 2014 AIP Publishing LLC
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FIG. 1. Normalized B(fio,T) x n versus energy at various temperatures.
The data on the left of the vertical dashed line are calculated from the
absorption coefficient in Nguyen et al.,' and the data on the right are calcu-
lated from values in Green.'®

band-band absorption coefficient is obtained from our previous
work.'® The temperatures in Ref. 10 are dense around RT, and
thus allow us to establish an accurate temperature parameter-
ization for B(T) x n,»2 .

Figure 1 shows the calculated values of B(hw, T) X n,-2
versus energy at several intermediate temperatures, based on
the energy-dependent absorption coefficient data of Nguyen
et al.'® The area under each curve is the total value of
B(T) x nf at a particular temperature. Note that the data in
Figure 1 have been normalized to allow comparison. To cal-
culate the absolute total value of B(T) x n,-2 , we use the abso-
lute data of B(hiw,T) X niz.

In the experiments in Nguyen er al.,'® ogs was deter-
mined for wavelengths from 990 to 1300 nm, i.e., for ener-
gies from 0.954 to 1.253eV. Below 0.954 eV, B(hw,T) x niz
contributes negligibly to the integration. Above 1.253eV,
B(how,T) x n still contributes a significant portion to the
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FIG. 2. Logo(B(T) x n?) versus temperature and the 5th order polynomial
fit given by Eq. (3).

integration around RT, as seen in Figure 1, although at the
lower temperature of 90 K it is again insignificant. To correct
for this lack of high energy data from the PL spectra, we use
the absorption coefficient values from Green'® to calculate
B(hw,T) an_z for energies above 1.253eV. These values
were determined from transmission and reflectance experi-
ments, which in general are more accurate than the PL
method at high energies.” The error in these data was esti-
mated to be around 4% by Green.'® Since this part of the
spectrum contributes less than 8% to the area under each
curve, the uncertainty due to using absorption data from two
different methods is estimated to be only about 0.3%.

Figure 2 plots our data of Log;o(B(T) X n,-2) across the
temperature range 90-363 K, calculated as described above.
We have fitted these points with a 5th order polynomial
using the least squares regression method. The formula
obtained is given by Eq. (3). Note that B(T) x niz has the unit

ofcm 3 s

Logo(B(T) x n?) = —1.7698 x 10* +2.68812 x T—1.8137 x 1072 x T* 4 6.56769 x 107> x T3
—1.21382 x 1077 x T* 4 8.99086 x 107! x 7. 3)

Since the values of B(T) x n/ do not depend on #n; and
the experimental absorption data in Nguyen et al. are not
affected by free carriers as long as their density is less than
2x10"7cm ™3 (Refs. 10 and 17), Eq. (3) can be used to
extract data for B(T) x n” at any temperature from 90 to
363K for samples with free carrier densities below this
value. Final values of B(T) can be computed by choosing an
appropriate model for the intrinsic carrier density, which can
include the temperature and injection level dependence.

Next, to validate our data, we compare them with litera-
ture values from Trupke ez al.® Since Trupke et al. calculated
B(T), we need to divide our data by ni. To permit a direct
comparison, we employ the same 7; model as used by those
authors®

E*’(T)>, )

A(T) =2.91 100 x 716 <—
ni(T) 9135 x 10" x X exp T

with E,(T) the band-gap energy of silicon at a specific tem-
perature in accordance with Ref. 18. Equation (4) describes
the relationship between the intrinsic carrier density and the
temperature, including the temperature dependence of the
band-gap energy. However, this expression does not include
the effect of band-gap narrowing due to free carriers.'”
Therefore, the values of B(T) in Trupke et al? reflect condi-
tions of relatively low densities of free carriers, where the
band-gap narrowing effect is insignificant. The values of n;”
start increasing, and therefore the values of B(T) decrease, as
demonstrated by Altermatt et al.,6 when the free carrier den-
sities approach approximately 10" cm .

Our calculated values of B(T) using the experimental
data for the absorption coefficient in Nguyen et al.,'® along
with the values in Trupke er al.,” are plotted in Figure 3.
While the data of Trupke ef al. cover the region 90-300K,
this work extends the measurement of B(T) to the higher
temperature limit of 363K, with very dense data points
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FIG. 3. Comparison of radiative recombination coefficient between this
work and Trupke er al.> The inserted numbers are the relative deviation
between the two works.

around room temperature. The two data sets match very
well, except for the value at 90K where the relative devia-
tion is approximately 20%. The fact that the PL spectra are
very sharp at low temperatureslo contributes to the uncertain-
ties in the measurements of Nguyen et al. This is caused by
the impact of the limited wavelength resolution on the inte-
gration, which in turn affects the absorption data and the
integration of B(T) X ni (see curve 90K in Figure 1 for
example), and thus B(T) in this study. In the same way, the
data of Trupke et al. were likely subject to similar uncertain-
ties in their low temperature PL measurements. This may be
the reason for the 20% relative deviation at 90K in Figure 3.
We also note that the radiative recombination coefficient sat-
urates at a near constant value at RT and above, a conclusion
which could not be made on the basis of the relatively sparse
data published previously.

Finally, with the same method used for B(T) x n?, we
also establish a formula to compute B(T) using the n; model of
Eq. (4) at any temperature from 90-363 K and low free carrier
densities, as shown in Eq. (5). In fact, we fitted our data with
different methods including the fifth order polynomial, the
first and the second order exponential functions and found the
best fit with this polynomial function. Note that B(T) has the
unit of cm® s™', and the experimental data of both B(T) x nf
and B(7) in this work are also given in Table L.

Log,,B(T) = —9.65614 —8.05258 x 10> x T
+6.02695 x 1074 x T? —2.29844 x 10°° x T3
+4.31934 x 1072 x T* =3.16154 x 10~ 2 x T°.
(5)

In summary, based on recent band-band absorption data,
we have proposed and calculated a general parameter which
incorporates both the radiative recombination coefficient and
the intrinsic carrier density in crystalline silicon, and have
established a polynomial parameterization to describe the
temperature dependence for this quantity based on experi-
mental data. This formula, along with a model for the
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TABLE I. Experimental values of B(T) x n,-2 and B(T) in this work.

Temperature (K)

B(T) xn; (cm > s~ 1)

B(T) (em®s™1)

90 2.846 x 107+ 3.697 x 10714
112 2.547 x 107% 1.902 x 10~ 14
170 6.114 x 107! 8.722x 1071
195 2.639 x 10°° 7.384 x 10713
249 2.169 x 10" 5.689 x 10713
270 1.991 x 10° 5.220x 1071
280 1.361 x 10* 5.023 x 1071
290 8.203 x 10* 4.847 x 10715
291 9.763 x 10* 4.835 % 10710
297 2.703 x 10° 4750 x 1071
300 4.428 x 10° 4705 x 10713
310 2.205 x 10° 4.680 x 10713
320 9.840 x 10° 4.587 x 1071
330 4.053 x 107 4526 x 1071
340 1.558 x 10® 4511 %1071
350 5.592 x 10® 4513 x 1071
363 2713 x 10° 4592 x 1071

intrinsic carrier density, can be used to extract accurate val-
ues of the radiative recombination coefficient from 90 to
363 K. Our data are shown to match very well with literature
data from Trupke et al. Moreover, the radiative recombina-
tion coefficient is found to saturate at room temperature and
above, for samples with relatively low free carrier densities.

This work has been supported by the Australian
Research Council (ARC) and the Australian Renewable
Energy Agency (ARENA).
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CHAPTER 4

Impact of Carrier Profile and Rear Side

Reflection on Photoluminescence Spectra

s discussed in Chapter 1, around room temperature, it is impossible to capture the direct
Aspontaneous photoluminescence spectrum from a silicon wafer due to the reabsorption of
the generated photons when they move towards the wafer surfaces. The final spectrum is
affected by both the experimental conditions and the sample properties.

In silicon solar cell applications, the wafer surface morphology is often designed in such a
way to assist the absorption of the incoming light. On the other hand, the density of defect states
at the wafer surfaces is often high, causing a strong non-radiative recombination of minority
carriers. In solar cell fabrication, the wafer surfaces are often coated with thin films to passivate
these defect states, thus improving the minority carrier population at the surfaces. These films
can also serve as antireflection coating layers to help minimize the reflection of the incoming

light. All these processing steps can alter both the surface optics and the excess carrier profiles
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of the wafers. Therefore, despite the same experimental conditions, different solar cell
precursors at different processing steps will give different photoluminescence spectra, which
reflect the variation in these properties.

In practice, changes in the optics and electronic properties of silicon solar cells often occur
simultaneously. For example, random pyramid texturing is commonly used in silicon solar cell
fabrication to reduce the incoming light reflection. However, the sharp vertices and the
increased surface area are also known to be responsible for increased surface recombination on
textured wafers. With the same principle, although light trapping structures at the rear of silicon
wafers are expected to improve the photocurrent in the near-infrared region, the enhanced
surface recombination due to the increased surface area is an undesirable effect. This
combination, in turn, makes the interpretation of the detected photoluminescence spectra more
difficult. In most cases, the effect of the optics on the spectra is assumed to be the dominating
phenomenon compared to the changes in the carrier profile caused by the reduced surface
passivation quality. However, it is important to evaluate these effects on the spectra separately
to further understand the physical impacts of these phenomena on silicon wafers and solar cells.

The established dataset of the band-to-band absorption coefficient in Chapter 2 allows one
to model the photoluminescence spectra from silicon wafers with different optics and carrier
profiles at different temperatures accurately. Therefore, by examining these modeled spectra,
one can study the separate effects of these phenomena on the spectra emitted from different
silicon wafers and solar cell precursors as a function of temperature. However, this chapter is
not aimed to discuss the applications of different light trapping structures. Rather it is dedicated
to the applications of the band-to-band absorption coefficient in modeling the band-to-band
luminescence spectra in order to understand the potential impacts of the optics and the carrier
profiles on the spectra from a physical point of view. This work finds that, the impacts of the
optics and carrier profiles on the spectral shape are more significant at higher temperatures due
to the increasing values of the absorption coefficient. The results, along with the temperature
dependence data of the absorption coefficient, are useful when being applied into a more
general theoretical work by Green [1], where full analytical expressions to describe the spectral

shape from both silicon bricks and wafers were developed for both planar and textured surfaces.
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Impact of Carrier Profile and Rear-Side Reflection on
Photoluminescence Spectra in Planar Crystalline
Silicon Wafers at Different Temperatures

Hieu T. Nguyen, Fiacre E. Rougieux, Simeon C. Baker-Finch, and Daniel Macdonald

Abstract—The increasing use of spectral photoluminescence as
an advanced and accurate diagnostic tool motivates a comprehen-
sive assessment of the effects of some important optical and electri-
cal properties on the photoluminescence spectra from crystalline
silicon wafers. In this paper, we present both modeling results and
measurements to elucidate the effects of the internal reflectance
at the planar wafer surfaces, as well as the carrier profile varying
across the sample thickness due to an increased rear-surface re-
combination velocity, as a function of temperature. These results
suggest that the accuracy of existing spectral PL techniques may
be improved by using higher temperatures due to the increased
effect of the carrier profile at higher temperatures. They also show
that changes in the photoluminescence spectrum shape caused by
the addition of a rear-side specular reflector offset those caused
by changes in the carrier profile due to increased rear surface re-
combination, and therefore, considerable care needs to be taken
when changing the rear-side optics. Finally, the possible impact
of variations in the rear-side reflectance on the band-band ab-
sorption coefficient and radiative recombination coefficient, which
have previously been determined using the spectral photolumines-
cence technique, is assessed and demonstrated to be insignificant
in practice.

Index Terms—Absorption, charge carrier density, photovoltaic
cells, photoluminescence (PL), radiative recombination, silicon.

1. INTRODUCTION

ECENTLY, there has been increasing interest in using
R spectral photoluminescence (PL) as the basis of accurate
new characterization techniques for crystalline silicon photo-
voltaics. Wiirfel ez al. [1] first developed an approach to extract
the minority carrier diffusion length from PL spectra. Later
works derived from this approach have been applied for both
silicon wafers [2]-[4] and bricks [5]-[7] to separate the ef-
fects of bulk and surface recombination at room temperature.
In addition, Schinke et al. [§] modeled PL spectra for different
surface morphologies, and Barugkin et al. [9] employed spec-
tral PL measurements to quantify the light trapping for various
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plasmonic structures. Besides these characterization techniques,
spectral PL has also been employed to determine very precise
values of fundamental parameters in silicon, such as the band—
band absorption coefficient aupp [10]-[12] and the radiative
recombination coefficient B [11], [13], [14], at different temper-
atures. These two parameters, in turn, are very important inputs
in modeling the PL spectra.

In order to ensure precision and accuracy, special care should
be taken regarding the potential effects of the optical and elec-
trical properties of a silicon sample when using spectral PL as
a diagnostic tool. In particular, the internal reflectance and the
shape of the excess carrier profile inside samples can play critical
roles in many potential applications of spectral PL. In practice,
the effects of changes in the optical properties and the carrier
profiles often occur simultaneously, meaning their impacts are
combined, and the resulting spectra may be misinterpreted.

In this paper, we will first examine the independent impacts of
the internal reflection and the carrier profile on the PL spectrum
shape, as a function of temperature, and via both modeling
and measurement for planar wafers. We will demonstrate that
the accuracy of spectrally resolved diagnostic PL. methods [2]-
[7] can potentially be enhanced at increased temperatures due
to the more significant impact of the carrier profile at higher
temperatures. After that, the combined effects of the reflection
and the carrier profile will be demonstrated. Finally, we will
reassess their potential impacts on the determination of app
and B, which have been reestablished recently using the spectral
PL technique [12], [14].

II. BACKGROUND

The spontaneous generation rate of photons per volume and
energy interval due to band-band transitions in an excited
nondegenerate semiconductor is described by the generalized
Planck law [15], [16]:

—hw A
drg, = C(hw)?app exp (k:T> exp (lf;j) d(hw) (1)

with C a physical constant, k Boltzmann’s constant, 7 the abso-
lute temperature of the sample, and A7 the difference between
the quasi-Fermi levels of electrons and holes under illumination.

The total PL signal emitted outside a planar silicon sample,
which is excited by monochromatic light, per energy interval is
approximated by [17]:

d

2 exp(—appz)dr| x A 2)

4
0
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where

[1 — Rf] [1 + Rbeﬂmnd]

A p—
1-— Rbee‘2”BB d

3

and R; and Ry are the internal reflectances at normal incident
angle upon the front and back surfaces, since the spectra mea-
sured here are captured nearly perpendicularly to the sample
surfaces, d is the sample thickness, and n; is the silicon refrac-
tive index. We also have the relationship [18]

A n (Na/p + An)An
exp (lc;) = n—f ~ A - “)

where n and p are the electron and hole concentrations, N4/ p is
the background doping concentration, An is the excess carrier
density, and n; is the intrinsic carrier density.

Substituting (1) and (4) into (2), we have the following for-
mula for the PL flux emitted outside the planar sample at a given
energy:

PL = C(hw)*app exp (_]gf})

d
X / [(Na/p + An)Anexp(—appa)] dz| x A x d(hw).
0

(&)

Again, C is a prefactor whose value is constant with photon
energy.

An underlying assumption in (2), (3), and (5) is that the
reabsorption of the generated photons is dominated by the band—
band transitions. This assumption has been shown to be valid at
room temperature when the free carrier density is less than 2 x
10'7 ¢cm~? by Trupke et al. [19]. Here, we did not observe any
change in the spectrum shape when we decreased the average
laser intensity from 80 to 8 suns at 363 K. Thus, we conclude that
the free carrier absorption does not affect the spectrum shape in
the experiments reported here, in which an average intensity of
23 suns is used.

III. EXPERIMENTAL DETAILS

The experimental setup to capture the PL spectra is largely
the same as described in detail in [12]. In this paper, the laser
employed has a wavelength of 532 nm, and on-sample aver-
age power of 160 mW. The laser spot diameter, corresponding
to the width of a Gaussian intensity distribution at half maxi-
mum, is about 3 mm. The average intensity is around 23 suns.
The sample temperature was controlled with a Janis VNF-100
liquid nitrogen cryostat in which the sample and sample stage
were immersed in temperature-controlled nitrogen vapor. The
local sample temperature under illumination was found to in-
crease less than 0.5 K using a thermocouple attached behind the
illuminated spot for 30 min.

The investigated silicon sample is a high-quality
phosphorous-doped n-type float zone wafer with a resistivity
of 6 Q2-cm, corresponding to a background doping of around
8 x 10'* ecm~3. Both sides were chemically polished to achieve
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planar surfaces, and the final thickness was 280 pm. This sample
was then divided into two different samples, each of which was
processed in a different way to create a different carrier profile.

The first sample was processed to achieve a homogeneous
carrier profile through the entire thickness. Both surfaces of this
sample were passivated with a 10-nm layer of Al, O3 deposited
by plasma-assisted atomic layer deposition. It was then annealed
at 450 °C in forming a gas consisting of argon and hydrogen for
30 min to activate the surface passivation. The effective lifetime
of minority carriers was found to be around 3.3 ms at an injection
level of 8 x 10 e¢m™3, using the quasi-steady-state photocon-
ductance technique [20]. The second sample was processed to
achieve an inhomogeneous carrier profile, which reduces toward
the rear surface. This sample went through the same passivation
process as the first sample, and then its passivation layer on
the rear was removed by fuming this surface with hydrofluoric
acid for 3 min. The effective lifetime in this case was about
6 s at the same injection level. The carrier profile of the first
sample was considered to be uniform throughout the thickness,
whereas that of the second one was estimated with the formula
An(x) = An(0) x (1 — x/d), in which x is the distance from
the front surface.

The very thin layer (10 nm) of Al,O3 was used for both
samples in order to maintain the same optical conditions at the
front and rear surfaces, since this film is thin enough to have no
impact on reflection or absorption in the wavelength range of
interest. Using a thicker passivation layer, or depositing a metal
film on the rear to achieve a high surface recombination velocity
(SRV), would create a significant difference in the optical prop-
erties between the front and rear surfaces of the second sample.
This difference may have a significant impact on the spectra
via rear-side internal reflection, and can mask the impact of the
different carrier profiles, as shown below. The impact of the rear
reflection itself and its masking effect on the carrier profile will
be demonstrated in detail in Sections IV and VI, respectively.

IV. IMPACT OF INTERNAL REFLECTION ON
PHOTOLUMINESCENCE SPECTRUM SHAPE

First, we examine the impact of the internal reflection on the
PL spectrum shape at different temperatures. To avoid being
confounded with the effect of the carrier profile, we used the
first sample whose carrier profiles are symmetrical at all temper-
atures. We modeled the spectra from this sample for two cases.
The optically symmetric case has two sides passivated with
10-nm layers of Al;Os; hence, the reflectances on both sides
are the same. The optically asymmetric case also has two sides
passivated with Aly O3, but a specular reflector was attached on
the rear side, creating a near unity reflection on this surface.
The internal reflectance of the silicon/Al; Os/air interface was
modeled using the optical simulator OPAL developed by Mcln-
tosh and Baker-Finch [21], [22], and was approximately 30%
for the wavelengths of interest. The specular reflector was a
planar silicon wafer deposited with a 100-nm layer of silver. Its
reflectance spectrum was both modeled and measured and was
found to be around 95% for the wavelengths of interest. Here,
we did not deposit silver directly on the Al,O3 layer to make
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Fig. 1. Comparison of modeled (lines) and measured (symbols) normalized
PL spectra between the optically symmetric (blue lines and blue circles) and
optically asymmetric (red-dashed lines and red squares) cases at various temper-
atures. Both cases have two sides passivated with 10-nm layers of Al O3, but the
latter has the rear specular reflector to achieve almost unity rear reflectance. The
enhanced rear reflectance increases the signal at longer wavelengths but barely
affects the signal at 990 nm. This corresponds to a lowering of the normalized
spectra on the shorter wavelength side.

sure that the quality of this surface passivation layer was not
affected. These reflectances, the carrier profile, and the values
of app in [12] were substituted into (5) to model the spectra.

Fig. 1 compares the modeled normalized spectra between the
first and second cases at various temperatures. The enhanced
rear reflectance increases the intensity of the longer wavelength
sides, but barely affects the signal at 990 nm. This corresponds
to lowering the low wavelength sides when the spectra are nor-
malized. In addition, this deviation between the two cases is
more pronounced at higher temperatures. The reason is that
ap p increases at higher temperatures, and hence, the generated
photons have less chance to be reflected back by the rear reflec-
tor. The experimental data were also captured and are given in
Fig. 1 to validate these findings, and they agree very well with
the modeling. Therefore, we conclude that the internal reflection
has a significantly larger impact on the PL spectrum shapes at
higher temperatures.

V. IMPACT OF CARRIER PROFILE ON PHOTOLUMINESCENCE
SPECTRUM SHAPE

Next, we investigate the impact of the carrier profile on the PL
spectrum shape at different temperatures. Fig. 2 compares the
modeled and measured normalized spectra at various tempera-
tures between the uniform (the first sample with both surfaces
well passivated) and nonuniform (the second sample whose
front surface was well passivated and rear surface was a bare
silicon/air interface) carrier profile cases. The low-wavelength

0.1 27

—— Modeled, uniform profile 2,
O Measured, uniform profile

g - - - Modeled, non-uniform profile
N O Measured, non-uniform profile

®©
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Fig. 2. Comparison of modeled (lines) and measured (symbols) normalized
PL spectra between the uniform (blue lines and blue circles) and nonuniform
(red-dashed lines and red squares) carrier profile cases at various temperatures.

sides of the normalized spectra in the latter case are higher
than those in the former case. Moreover, this deviation is more
obvious at shorter wavelengths and higher temperatures. Once
again, this is because a g p is larger at shorter wavelengths and,
hence, the generated photons are more strongly reabsorbed in
transit toward the front surface. Therefore, the more carriers
near the front surface (relatively speaking), the more chance
to escape from the sample these high-energy photons have. As
a result, the impact of the carrier profile on the emitted pho-
tons is more significant at shorter wavelengths. On the other
hand, app is small at longer wavelengths, and the generated
photons are not reabsorbed when moving toward the front sur-
face. Thus, the carrier profile plays a little role on the shapes of
the spectra at longer wavelengths. In terms of the temperature
dependence, once again, app increases with temperature, and
thus, the variation becomes larger and shifts to longer wave-
lengths at higher temperatures. The very good match between
the modeling and the experimental data verifies these findings.
We, therefore, conclude that the carrier profile has an increas-
ing impact on the spectrum shapes at higher temperatures. This
may provide a basis for new or improved techniques for separat-
ing bulk and surface effects in wafers and solar cell precursors

[21-(7].

VI. COMBINED IMPACT OF INTERNAL REFLECTION AND
CARRIER PROFILE ON PHOTOLUMINESCENCE SPECTRUM SHAPE

In Sections IV and V, the internal reflection and the carrier
profile have shown opposing impacts on the PL spectrum shape
at different temperatures. The enhanced rear reflectance shifts
down the low-wavelength side of the normalized spectra, while
the inhomogeneous carrier profile shifts this side up. However,
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Fig.3. Comparison of modeled normalized PL spectra between the symmetric
optics and carrier profile case (blue-dashed lines) and the combined effect
case (see black-dotted lines), in which the optics and the carrier profile are
both asymmetric. The experimental data of the combined effect case (black
squares) agree with the modeling. The normalized spectra with the effects of
the enhanced rear reflectance from Section IV (red-dashed-dotted lines) and of
the inhomogeneous carrier profile from Section V (green solid lines) are also
plotted, again to facilitate the comparison.

in practice, these two effects often happen simultaneously, since
these two properties are usually altered together during the sam-
ple processing steps. Therefore, we here inspect their combined
effects on the spectrum shapes, as a function of temperature.

We deposited a 100-nm layer of silver on the rear of the sec-
ond sample. This thick silver layer not only provides a very
high SRV, but also makes the reflectance of the rear approach
unity. Thus, this sample displays the properties of both inhomo-
geneous carrier profile and asymmetric optics on both surfaces.
The spectra were then both captured and modeled.

Fig. 3 compares the modeled normalized spectra in this case
with the symmetric optics and carrier profile case. The spectra
with the effects of the enhanced rear reflectance from Section IV
and of the inhomogeneous carrier profile from Section V are
also plotted, again to facilitate the comparison. In this figure,
the normalized spectra present a combination of both effects,
the net effect of which lies in between the two cases in isolation,
due to their opposing nature. At room temperature, the carrier
profile has less impact on the spectrum shape, and the combined
normalized spectrum shows a greater impact of the rear reflector.
When the temperature increases, the impact of the carrier profile
is more significant at low wavelengths, in particular near the
wavelength of 1000 nm, and thus cancels out the effect of the rear
reflector. However, when the wavelength increases, this impact
is reduced, and the spectrum eventually displays the signature
of the enhanced rear reflectance case again. Fig. 3 also shows
the experimental spectra of this sample; they are identical to the
modeling. This agreement has validated the combined model
explained above.
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VII. IMPACT OF INTERNAL REFLECTION ON app AND B

We have confirmed that the internal reflection and the carrier
profile can have significant impacts on the PL spectra at different
temperatures. In addition, as can be seen from (5), the band-
band absorption coefficient o 5 is a critical input parameter in
spectral PL models. Since the values of this parameter have been
reestablished recently using spectral PL. measurements [12], it
is supposed that the internal reflectance and the carrier profile
may, in principle, have a significant impact on the measurement
of app in [12] and, hence, B in [14], which in turn affect our
modeled spectra here. However, since the carrier profile in [12]
was shown to be uniform, and the determination of B was based
solely on the data of app [14], here, we examine only the
potential effect of the internal reflection on ap .

The long wavelength escape tail of the measured reflectance
spectrum in silicon wafers is a commonly known artifact. How-
ever, in [12], we employed the measured reflectance without
correcting the reflectance spectra at longer wavelengths. Thus,
a question arising is whether this reflectance discrepancy signif-
icantly affects the established values of o 5. To elucidate this
question, using the same technique as in [12], we recalculated
app at various temperatures around room temperature using
the modeled internal reflectance and compared with the data in
[12], in which ap p was computed using the measured external
reflectance. The internal reflectance of the silicon sample used
in [12] was modeled using the optical simulator OPAL [21],
[22]. The results are shown in Fig. 4(a), whereas the deviation
between two cases is plotted in Fig. 4(b). At longer wavelengths,
app is determined solely by the absorptivity, which has a con-
stant deviation between the two works due to different scaling
factors. Thus, the deviation in Fig. 4(b) is saturated at longer
wavelengths. At shorter wavelengths, ap p is a function of both
the absorptivity and the surface reflectance. Thus, the deviation
in Fig. 4(b) trends up or down depending on the changing rela-
tive impact of these two variables. Nevertheless, the deviation is
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mostly less than 5%. Therefore, the reflectance does not affect
the data of app in [12] in the wavelength range of interest,
despite the significant discrepancy between the measured and
modeled reflectances.

VIII. CONCLUSION

We have experimentally demonstrated the separate impacts
of the internal reflection and the carrier profile on the PL spectra.
The enhanced rear reflectance compresses the low-wavelength
sides of the normalized spectra, while the inhomogeneous car-
rier profile enhances them. These effects are more pronounced
at shorter wavelengths and higher temperatures, giving an in-
centive to use higher temperatures to enhance the accuracy of
some established spectral PL tools. In addition, we have shown
the aggregate influence of these two properties on the spectra
in which the enhanced rear reflectance has offset the impact of
the inhomogeneous carrier profile caused by the increased rear-
surface recombination velocity. Finally, we have demonstrated
that the reflectance has little impact on the data of the band—band
absorption coefficient, and hence, the radiative recombination
coefficient, despite significant deviation between the measured
and modeled reflectances at longer wavelengths.
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CHAPTER 5

Deep-Level Photoluminescence Spectroscopy

from Dislocations in Multicrystalline Silicon

The recombination of free electrons and holes can either take place directly via the band
edges, or be assisted by defect states located inside the forbidden gap of silicon. The
defect-mediated recombination is extrinsic to silicon in the sense that it requires the presence of
localized defects and impurities. Many defects and impurities can be mitigated throughout solar
cell fabrication steps such as phosphorus gettering, high temperature annealing, or surface
passivation. However, grown-in structural defects such as dislocations are very persistent with
processing steps since they are formed by the high thermal stress and strain during the ingot
growth and cooling. Therefore, they are considered as one of the main efficiency limiting
defects in multicrystalline silicon solar cells.

The dislocations and the secondary defects and impurities trapped by their strain field can

occupy energy states inside the forbidden gap of silicon, and thus can act as effective radiative
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recombination centers in silicon. At room temperature, the defect luminescence is quenched
significantly since the thermal energy can excite the trapped carriers back to their corresponding
band edges. Therefore, the signatures of these defects are not revealed clearly on the captured
photoluminescence spectra. On the other hand, at low temperatures, the thermal energy is not
sufficient to excite the trapped carriers back to the band edges. Therefore, the defect
luminescence can be strong and distinct, allowing one to investigate the luminescence
properties of these defect centers. However, since it is not the band-to-band luminescence, the
band-to-band absorption coefficient established in Chapter 2 cannot be applied to model this
type of luminescence. Also, at low temperatures, the reabsorption of the emitted photons is
almost negligible, and hence the surface optics and the carrier profiles have little impact on the
photoluminescence spectral shape.

In multicrystalline silicon wafers, large angle grain boundaries can act as relaxation sites for
the high thermal stress and strain during the crystal growth, which can minimize the dislocation
formation. On the contrary, inside the grains, the material still suffers a high level of stress and
strain, causing an elastic bending of the crystal structure. The bending energy can be relaxed by
the introduction of dislocations. The further the lattice is distorted, the more dislocations need to
be introduced to compensate. These dislocations introduce a permanent misorientation between
the two sides of the lattice, and the boundary is called a small angle grain boundary or a sub-
grain boundary. Due to the forming mechanism of the sub-grain boundaries, they always
contain a high density of dislocations. The stress and strain around these dislocations, in turn,
can preferentially trap other defects and impurities. Therefore, the sub-grain boundaries have
detrimental effects on the performance of multicrystalline silicon solar cells.

However, investigating the luminescence properties of these sub-grain boundaries and the
regions surrounding them is very challenging with a conventional photoluminescence
spectroscopy system due to their micron-scale sizes. Only with the advent of
micro-photoluminescence spectroscopy systems equipped with confocal optics, spatial
resolution has been achieved in the micron scale, allowing the investigation of the dislocations
and defects distributed around the sub-grain boundaries. Therefore, this chapter utilizes the
micro photoluminescence spectroscopy system to study the luminescence properties of sub-
grain boundaries, revealing interesting findings on the deep-level luminescence of dislocations
and decorating defects and impurities around the sub-grain boundaries after different processing

steps.
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Micrometer-Scale Deep-Level Spectral
Photoluminescence From Dislocations in
Multicrystalline Silicon

Hieu T. Nguyen, Fiacre E. Rougieux, Fan Wang, Hoe Tan, and Daniel Macdonald

Abstract—Micrometer-scale deep-level spectral photolumines-
cence (PL) from dislocations is investigated around the subgrain
boundaries in multicrystalline silicon. The spatial distribution of
the D lines is found to be asymmetrically distributed across the
subgrain boundaries, indicating that defects and impurities are
decorated almost entirely on one side of the subgrain boundaries.
In addition, the D1 and D2 lines are demonstrated to have different
origins due to their significantly varying behaviors after processing
steps. D1 is found to be enhanced when the dislocations are cleaned
of metal impurities, whereas D2 remains unchanged. Finally, the
D4 and D3 lines are proposed to have different origins since their
energy levels are shifted differently as a function of distance from
the subgrain boundaries.

Index Terms—Crystalline silicon, deep level, dislocations, grain
boundaries, photoluminescence (PL), photovoltaic cells.

I. INTRODUCTION

EEP-LEVEL photoluminescence (PL) spectroscopy has

been demonstrated to be a powerful characterization tool
for the defects and impurities in photovoltaic silicon [1]. Dis-
tinct spectral signatures have been reported for different defects
and impurities in crystalline silicon, such as Fe precipitates [2],
oxygen precipitates [3], Cr-B pairs [4], and dislocations [5]. In
multicrystalline silicon (mc-Si), dislocations are a major limit-
ing factor for the cell efficiency, and often occur at small angles
and other subgrain boundaries (sub-GBs) due to high thermal
stresses during ingot growth and cooling [6]. Therefore, under-
standing the deep-level spectra of dislocations is important to
improve the material quality and, thus, the final efficiency of
mc-Si solar cells.

The so-called D lines, emitted from dislocations, have been
studied intensively regarding their thermal behaviors [7]-[10];
spatial distributions [1], [11]-[16]; process-related changes [7];
[17]; and polarization features [1], [7], [18], [19]. The doublet
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D1/D2 has been hypothesized to originate from the surround-
ing local conditions, such as neighboring dislocations or stress
by Arguirov et al. [8] and Lee et al. [15], or from decorating
defects and impurities located around dislocations by Sugimoto
et al. [13]. On the other hand, the doublet D3/D4 was believed
to represent the intrinsic nature of dislocations [8], [15]. This
was confirmed recently by Tajima et al. [1], [20], who employed
micro-PL (uPL) spectroscopy with a high spatial resolution to
examine the distribution of D lines around the sub-GBs, find-
ing that D1/D2 were distributed around the sub-GBs, whereas
D3/D4 were located directly at the sub-GBs.

However, various authors have reported varying behaviors of
the D1 and D2 lines at cryogenic temperatures. Some reported
spectra in which the D2 line was a less-significant peak em-
bedded on the high-energy side of the intense D1 line [7], [11],
[12], [14]. Others reported spectra with the D2 line present, but
with D1 absent [9], [13]. Some pointed out a large change in the
D1/D2 intensity ratio depending on the locations in the wafers
[8], [21], [22], inconsistent thermal behaviors between D1 and
D2 [8], or the difference in mapping images of D1 compared
with other D lines [15]. Therefore, some uncertainty remains
regarding the connection between D1 and D2.

In addition, although the intensity ratio of the doublet D3/D4
does not vary as strongly as that of D1/D2, there is still an
inconsistency among reported works. Near liquid nitrogen tem-
perature, the D4 peak was reported to be higher than the D3
peak in [7] and [11]. However, the opposite observation was
presented in other works [8], [23]. Sekiguchi et al. [21] found
the varying intensity ratio of D3/D4 along the slip lines of
dislocations, and suggested that D3 is not the phonon replica
of D4. Recently, employing a hyperspectral PL imaging tech-
nique at 110 K, Burud ef al. [22] had the same findings in mc-
Si wafers, and proposed that D3 and D4 could have different
origins.

In this study, utilizing a 4PL mapping system with spatial
resolution of about 3 pm, along with well-controlled sample
preparation steps, we investigate the behaviors and origins of
D lines in mc-Si wafers. We first study the micrometer-scale
spatial distribution of these D lines around sub-GBs at 79 K,
revealing a distinctly asymmetrical distribution for D1/D2. We
also compare the behavior of the D lines after different pro-
cessing steps including phosphorus diffusion gettering, high-
temperature annealing, and controlled contamination with Fe.
From these results, we clarify some of the uncertainties about
the origins and properties of the D lines.

2156-3381 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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II. EXPERIMENTAL DETAILS

The investigated samples are directionally solidified, boron-
doped p-type mc-Si wafers with nominal resistivity of 1.6 {2-cm,
corresponding to a background doping of about 9 x 10" cm~3.
We prepared four samples cut from four consecutive sister
wafers sliced from the same ingot. These samples were first
chemically etched with an etchant consisting of hydrofluoric
and nitric acids to remove saw damage and to achieve opti-
cally polished surfaces. After that, the first sample was kept in
the as-cut state. The second sample went through an extended
phosphorous gettering process, in which it was processed at
880 °C for 60 min in a mixture of POCI3 vapor, O, and No,
and then was cooled down to 650 °C and left there for another
12 h in Ny gas [24]. The sheet resistance of the resultant dif-
fused layer was around 30 €2/C]. The third sample went through
the same thermal processing step as the gettering process but
with only Ny gas, giving the same thermal budget as the second
sample but without phosphorous gettering. The fourth sample
was gettered in the same way as the second one, and then its
diffused layer was etched off. It was then implanted with a low
energy (70 keV) Fe dose of 2.4 x 10'?> cm~? and annealed at
900 °C for 35 min in O gas to distribute the Fe uniformly
across the wafer thickness. After that, this sample was cooled
down to 600 °C and left for 20 h to allow Fe to precipitate along
the GBs and sub-GBs [25]. All samples were chemically etched
again to remove all the residual layers (diffused, implanted, and
thermal oxide layers) left after the previous processing steps.
Finally, they were immersed in a defect etchant consisting of
acetic/nitric/hydrofluoric acids for 16 h. The purpose of this
etching step is to delineate the sub-GBs, which are, otherwise,
not observable under the optical microscope. The optical image
of an investigated sub-GB is provided in Fig. 2(d). The inves-
tigated sub-GBs were located far away from other sub-GBs to
avoid confounding effects from neighboring sub-GBs.

The pPL spectroscopy system employed in this study is a
Horiba T64000 equipped with a confocal microscope. A 50x re-
flective objective lens was used to focus the incident laser beam
into a spot of about 1 pm in diameter on the samples, and to
direct the emitted PL signal into a monochromator as well. This
emitted signal was then collected by a liquid-nitrogen-cooled
InGaAs array detector. The monochromator gratings were set
at 150 grooves/mm for PL, providing a spectral resolution of
0.25 nm. The spectral response of the entire system was cali-
brated with black body thermal radiation emitted from a black
body cavity. The employed laser was a diode-pumped solid-
state laser having a wavelength of 532 nm, and an on-sample
average intensity of 6 mW. The sample stage was equipped with
X and Y positioners with the smallest step size of 0.2 um. The
line scans across the sub-GBs had a step size of 2 um, and
those along the sub-GBs had a step size of 5 ym. The sample
temperature was kept constant at 79 K with a liquid-nitrogen
cryostat, since the spectral distribution of the D lines is resolved
more clearly at these lower temperatures. The radial spatial res-
olution of the technique was determined by the injection level,
the temperature, and the defect density and was estimated to be
about 3 pm for the intragrain regions, where it is limited by the
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Fig. 1. Comparison of the deep-level PL spectra between the (a) as-cut and
(b) gettered samples at a distance of about 20 pm from the sub-GB at 79 K.

Auger-dominated diffusion length of excess carriers. This spa-
tial resolution is better near the sub-GBs due to the reduced
carrier diffusion lengths via increased Shockley—Read—Hall
recombination.

III. RESULTS AND ANALYSIS

Fig. 1(a) and (b) shows our spectra captured at a distance
about 20 pum from the same sub-GB for the first (as-cut) and
second (gettered) samples, respectively. We numerically decom-
posed the spectra and fitted them with five Gaussian distribu-
tions, corresponding to the first phonon replica of the band—band
line (BBPR) and the D4, D3, D2, and D1 lines. The peak heights
of these Gaussian functions represent the intensity of their cor-
responding lines. The narrow band-band (BB) line is at around
1130 nm and clearly distinguished from these five lines. Thus,
we were able to accurately determine the peak height of the BB
line without needing to decompose it from the other lines.

First, we consider the spatial distribution of the D1 and D2
lines around the sub-GB. Fig. 2(a) and (b) plots the amplitudes
of D1 and D2 (after the total spectrum is decomposed), along
with the BB peak, versus the distance away from the sub-GB for
the as-cut and gettered samples, respectively. Each line scan, in
fact, consists of two sections, which were started from the same
location on the sub-GB and then extended in opposite directions
away from the sub-GB. The two spectra measured directly on the
sub-GB of the two scanning sections were found to be the same,
allowing us to combine the results from these two scanning
sections into one line scan. By scanning this way, we can ensure
correct positioning of sub-GBs in the center of the scan, and
minimize potential impacts of the imperfect alignment of the X
and Y positioners on the area around sub-GBs. The distributions
of D1 and D2 appear to be very asymmetric across this sub-GB.
In order to ensure that this asymmetry is not a measurement
artifact, we performed line scans across this sub-GB at another
location, which was shifted about 40 ym compared with the
previous location. Again, in Fig. 2(c) and (d), the asymmetric
distributions of D1 and D2 are still present on the same side.
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[(a) and (c)] Line scans across the sub-GB of the intensities of D1, D2, and BB lines at two locations for the as-cut and gettered [(b) and (d)] samples.

Location 02 [(c) and (d)] was shifted about 40 ;sm along the same sub-GB compared to location 01 [(a) and (b)]. The vertical line at zero distance indicates the

location of the sub-GB.

Note that in Fig. 2, although the BB distribution is also asym-
metric, the extent of this asymmetry is much less pronounced
than those of D1 and D2 indicating that the observed asymmetry
is not due to a difference in local injection levels or other optical
artifacts. We found this asymmetry of D1 and D2 at all sub-GBs
on the samples investigated in this paper (at approximately ten
sub-GBs).

Moreover, right at the sub-GB, the intensities of both D1 and
D2 are very low, and then increase when moving away from the
sub-GB. This signature is consistent with the hypothesis that D1
and D2 originate from secondary defects or impurities trapped
around the dislocations, as suggested by Tajima er al. [1], [20].
Thus, the above asymmetry suggests that these secondary de-
fects and impurities are distributed almost entirely on one side
of the sub-GBs. This asymmetry has not been observed in pre-
vious reports due to their lower spatial resolution, for example,
several tens of micrometers in the case of Tajima et al. [20].
Note that the step size of our line-scans is only 2 pm and, thus,
smaller than the estimated 3 pm spatial resolution due to carrier
diffusion. Therefore, there is likely to be some degree of signal
smearing in the line scans. However, the spatial extent of the
observed asymmetry extends to several tens of micrometers, and
thus, is much larger than the impact of any smearing caused by
carrier diffusion.

Since D1 and D2 Iuminescence centers are originated from
defects or impurities trapped by the strain field around the dislo-
cations, the asymmetry of D1 and D2 could be due to the higher
local stress on one side of the sub-GB, which was formed during
the ingot cooling process. However, such stress usually extends
to only a few micrometers from the dislocation sites [26], while
the observed asymmetry in this study extends to several tens of

surface ¢ ¢ laser
\
1\ 2

surface ¢ ¢ laser
\
3\4

flipped 180° el
sub-GB —p | sub-GB
4\ 3 2\ 1
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Fig. 3. Inclined sub-GB. If the asymmetry of D1 and D2 is an artifact due to
the inclination, the higher intensities of D1 and D2 should be observed at side 2
before flipping and at side 4 after flipping. However, D1 and D2 were observed
at side 2 and side 3 and were absent at side 1 and side 4.

micrometers. In addition, we did not observe any shift in the
silicon Raman peak when performing Raman scans across this
sub-GB indicating that the stress is not significantly different
between two sides of this sub-GB [26]. Therefore, the hypoth-
esis of different local stress causing the asymmetry of D1 and
D2 is unlikely to be correct.

Another hypothesis is that the observed asymmetry of D1 and
D2 may stem from an inclination of this sub-GB compared with
the surface. However, again the asymmetry extends to several
tens of micrometers, whereas the investigated samples are only
about 250-um thick. Hence, the inclination angle of this sub-
GB would need to be unusually large for this hypothesis to be
true, considering that the sense depth of the measurements is
only several micrometers. In addition, as illustrated in Fig. 3,
if the observed asymmetry is an artifact caused by the inclined
sub-GB, we should have higher luminescence intensities of D1
and D2 at side 2 before rotating and flipping the sample, and at
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side 4 afterward. However, we still observed higher intensities
of DI and D2 at side 3 after flipping the sample. Thus, this
second hypothesis is also incorrect. Moreover, since the higher
intensities of D1 and D2 appear on the opposite side of the
sub-GB (relative to the initial scan direction) after flipping the
sample, the observed asymmetry is not an artifact caused by the
choice of scan direction. We, therefore, propose that the notable
asymmetry of D1 and D2 is due to the defects and impurities
being preferentially decorated on one side of the sub-GB during
the crystal growth process. More microscopic studies are needed
to understand the reasons for this preferential decoration.

Furthermore, as readily seen from Figs. 1 and 2, the D1 inten-
sity is enhanced significantly relative to the BB intensity after
gettering, whereas the D2 peak is not altered significantly. In
order to avoid any localized variability of the sub-GB skewing
our conclusions, we performed 60-um long line scans (13 data
points per scan) parallel to this sub-GB at different distances
away from it on the side of high D1 and D2 intensities. The D1
and D2 average intensities (after decomposing the spectrum)
from these line scans are depicted in Fig. 4(a) and (b), respec-
tively, for the four sister samples. D1 again shows a significant
enhancement after the extended phosphorous gettering process,
whereas D2 remains unchanged. Note that the BB signal is also
largely unchanged among all the samples, as shown in Fig. 4(c),
indicating that the enhancement of D1 after gettering is not due
to an increased local injection level.

The phosphorus gettering process used here has been demon-
strated to be very effective in monocrystalline silicon, in which
more than 99% of dissolved Fe impurities can be removed [24].
However, our samples are mc-Si. Thus, besides this external
gettering, the second sample may also experience internal get-
tering, in which at least some metal impurities are preferen-
tially decorated around the GBs and sub-GBs instead of being
captured in the phosphorus diffused layers [27]. Therefore,
although the global concentration of metal impurities such as Fe
will be reduced by the external gettering, the local concentration
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at GBs and sub-GBs could, in principle, actually be higher than
that of the as-cut sample.

We, therefore, performed similar line scans along the same
sub-GB at similar distances for the third sample. Since this
sample has the same thermal budget as the phosphorus getter-
ing process, but without phosphorous gettering, it is expected
that there would be a greater extent of metal impurities deco-
rated around the sub-GBs due to the internal gettering effects.
However, from Fig. 4(a), the D1 intensity is the same as the
as-cut sample, prompting us to speculate that the enhancement
of D1 in the phosphorus gettered sample is due to a reduction of
metal impurities near the sub-GBs after the phosphorous getter-
ing process. To fortify this hypothesis, we performed the scan-
ning on the fourth sample. The concentration of Fe impurities
around the sub-GBs of this gettered and Fe implanted sample
should be higher than that of the gettered sample. However,
the D1 intensity is significantly lower than that of the gettered
sample. Therefore, we conclude that D1 is enhanced when the
sub-GBs are cleaned of metal impurities. This behavior may be
explained by the fact that D1 and D2 are due to the secondary
defects trapped around dislocation sites. When metal impurities
are present, they may form complexes with the D1 centers; thus,
altering their energy levels and reducing their luminescence ef-
ficiency. When the metal impurities are removed by gettering,
the D1 centers become radiatively active again, and hence, the
D1 intensity is increased significantly.

The above finding can be compared with the results from
Tajima et al. [28], who reported that the D1 line was unchanged,
but the D2 line was suppressed after their sample was contam-
inated with Fe. We also found many sub-GBs in which D1 and
D2 were not altered by the gettering process, compared with the
as-cut sample. Nevertheless, based on the remarkably different
behaviors of D1 and D2 in our study, we also conclude that
D1 is not the phonon replica of D2 and that they have different
origins.

Next, we inspect the behaviors of the D3 and D4 lines. In order
to avoid being confounded by the strong tails of D1 and D2, we
chose another sub-GB in which D3 and D4 are strong, but D1
and D2 are completely absent. Fig. 5(a) and (b) displays the line
scan intensity of D3 and D4 peaks using the Gaussian fitting
method as described above. The line scanning was performed at
similar locations across the same sub-GB for the first and second
samples. From Fig. 5(a) and (b), the D3 and D4 intensities are
flattened at the sub-GB. This signature is consistent with the fact
that these two lines reflect the intrinsic nature of dislocations
[1], [8], [15], [20]. However, we observed slightly asymmetric
distributions of D3 and D4 across this sub-GB, although this
asymmetry is certainly not as strong as that of D1 and D2. This
slight asymmetry may be due to the fact that the dislocation
density is slightly different between two sides of the sub-GB.
In addition, the intensities of D3 and D4 still remain the same
between the as-cut and gettered samples. In other words, D3 and
D4 are not affected by the gettering process, which is consistent
with the hypothesis that D3 and D4 are intrinsic properties of
the dislocations themselves.

Furthermore, Fig. 5(c) shows the PL spectra normalized
to the BB peak at different distances from the sub-GB of
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at different distances in micrometer, indicated by the number on each spectrum,
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spectrum at 26 pm are also plotted (thin black lines). (d) Peak wavelengths of
D3 and D4 versus the distance from the sub-GB.

the as-cut sample. The energy level of D4 is constant as a
function of distance, whereas the D3 peak moves toward
higher wavelengths (lower energies) at farther distances.
Fig. 5(d) quantitatively shows the energy shifts for both D3
and D4. The energy level was determined by choosing the
wavelength at the local maxima of PL intensity around D3
and D4. This observation contradicts the common belief from
the literature that D3 is the phonon replica of D4 [8], [20]. If
D3 is the transverse-optical phonon replica of D4, their peak
energies should be consistently shifted by around 57 meV [29].
However, this energy difference varies from 42 to 54 meV in
Fig. 5(d). We note that this finding regarding D3 and D4 could
not be easily observed with a spatial resolution of several tens
of micrometers or above, as was the case in most previous
works in the literature. Thus, we hypothesize that D3 is not the
phonon replica of D4 and that they may have different origins.

IV. CONCLUSION

Utilizing high spatial resolution and well-controlled process-
ing steps, we have experimentally demonstrated the asymmetry
of D lines across the sub-GBs in mc-Si wafers. In addition, we
have shown the different origins of the D1 and D2 lines, and
concluded that D1 is suppressed by the presence of metal impu-
rities near the dislocations, although not via quenching caused
by a reduction in the excess carrier density. Finally, we have
proposed that D3 is not the phonon replica of D4 and that these
two lines may have different origins due to their different energy
shifts as a function of distance from the sub-GBs.
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CHAPTER 6

Characterization of Heavily-Doped Layers in

Solar Cells by Photoluminescence Spectroscopy

eavily-doped layers are critical components of crystalline silicon solar cells. They form
H the required p-n junctions which allow separation of free electrons and holes. Metal
contacts are then placed directly on these heavily-doped layers to extract the photo-induced
current. However, due to their high dopant densities and direct contacts with metal, the heavily-
doped layers are often very recombination active, and hence can reduce the cell performance
significantly. Therefore, there is often a requirement to minimize the surface area of the
heavily-doped layers in order to achieve high efficiency solar cells. In practice, the localized
heavily-doped regions can be formed through different doping techniques, such as thermal
diffusion followed by an etch-back step, ion implantation, or laser doping. However, unlike the
conventional thermal diffusion process which covers the entire wafer surface and is rather

laterally homogeneous, these localized doping techniques often generate lateral non-
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uniformities of the dopant density across the doped regions. As a result, it is more challenging
to assess the dopant density variation of these micron-scale heavily-doped regions contactlessly
and non-destructively. Conventional techniques to characterize the dopant concentration such as
Electro-chemical Capacitance-Voltage (ECV), four-point probe, or Secondary-lon Mass-
Spectroscopy (SIMS) have limitations due to either their spatial resolutions or their destructive
natures.

In heavily-doped silicon, the band gap is narrowed. Therefore, the band-to-band
photoluminescence spectrum is shifted to longer wavelengths or lower energies. In principle,
both the luminescence spectral shape and the luminescence intensity should reflect the dopant
density of the silicon wafers. However, in practical applications of spectrally-resolved
photoluminescence, in order to minimize the surface recombination and to have a uniform
carrier distribution across the wafer thickness, the excitation wavelength employed to excite the
samples is often within the red to near-infrared region. Therefore, the luminescence signal
emitted from the thin heavily-doped layer near the wafer surface is usually negligible compared
to the signal emitted from the underlying silicon substrate.

As discussed in Chapter 1, if an appropriate excitation wavelength is employed, the
excitation light will be absorbed in both the heavily-doped layer and the underlying substrate,
giving rise to two band-to-band spectra. However, at room temperature, the two band-to-band
peaks are very broad, and thus they significantly overlap together, making it difficult to observe
them individually. On the other hand, at low temperatures, the band-to-band peaks are very
sharp, and the two spectra can be unambiguously distinguished. Therefore, by examining the
relative positions and intensities of these two band-to-band luminescence peaks at low
temperatures, one, in principle, can assess the dopant density of the heavily-doped layer
gualitatively.

Therefore, combining the advantages of the micro photoluminescence spectroscopy system
and the luminescence phenomena at low temperatures described above, this chapter reports and
explains a new method which allows the qualitative assessment of the dopant density of micron-
scale structures in silicon wafers and solar cell precursors. The technique is then applied to
various localized diffused and laser-doped regions, highlighting the significance of this micron-
scale technique in silicon photovoltaics.

The work has been published. However, there is an important point that needs to be
clarified in this publication. The two main luminescence peaks at 1130 nm and 1160 nm,
denoted as “Si BB” and “diffused BB” peaks in the publication, are the band-to-band emission
assisted by a Transverse-Optical (TO) phonon from the Si substrate and the heavily-doped
layer, respectively. The two shoulders at 1195 nm and 1225 nm, denoted as “Si BBTO” and
“diffused BBTO”, are therefore the band-to-band emission involving both a TO phonon plus an

optical zone center phonon.
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We report and explain the photoluminescence spectra emitted
from silicon solar cells with heavily-doped layers at the sur-
face. A micro-photoluminescence spectroscopy system is
employed to investigate the total spectrum emitted from both
the heavily-doped layer and the silicon substrate with micron-
scale spatial resolution. The two regions of the device give
rise to separate photoluminescence peaks, due to band-gap
narrowing effects in the highly-doped layer. Two key pa-

1 Introduction Spectral photoluminescence (PL) has
been demonstrated to be a promising and powerful charac-
terization technique in crystalline silicon. By capturing the
band-to-band (BB) photoluminescence signal, fundamental
parameters of silicon such as the band-to-band absorption
coefficient [1-3], radiative recombination coefficient [2, 4,
5], and temperature [6] and doping dependencies [7, 8] of
the silicon band gap have been determined. In addition,
spectral PL methods have also been employed as a charac-
terization tool in photovoltaics, for example to extract the
diffusion length of minority carriers in silicon wafers [9,
10] and bricks [11], to quantify the light trapping capabil-
ity of plasmonic structures [12], to examine the impacts of
surface reflectance [13, 14] and different carrier profiles
[14] on PL spectra, or to evaluate the laser-doped layers of
silicon solar cells by applying the band-gap-narrowing ef-
fect in heavily-doped silicon [15, 16].

Heavily-doped layers, typically formed by dopant dif-
fusion or laser doping, are critical components of a silicon
solar cell, as they form the required p—n junction, and al-

Wiley Online Library

rameters, the absorption depth of the excitation wavelength,
and the sample temperature, are shown to be critical to reveal
the separate signatures from the two regions. Finally, this
technique is applied to locally diffused and laser-doped re-
gions on silicon solar cell pre-cursors, demonstrating the po-
tential value of this micron-scale technique in studying and
optimizing locally doped regions.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

low electrical contact to be made to the device. However,
these heavily doped layers are also often a source of sig-
nificant carrier recombination in solar cells. Thus there is
usually a requirement to minimize the surface area of these
layers in order to achieve high efficiency solar cells [17].
Therefore, an insightful understanding of the PL spectra
emitted from the heavily-doped layers of silicon solar cells
with high spatial resolution will facilitate the development
of precise characterization tools for silicon photovoltaics.
Micro-photoluminescence spectroscopy has been ap-
plied previously on carefully cross-sectioned and polished
solar cell pre-cursors [15, 16] to reveal the depth profile of
highly-doped regions, based on the shift of the PL peak
caused by band-gap narrowing. This method is restricted to
relatively thick doped layers (tens of microns), such as
aluminum-alloyed regions. In this study, we demonstrate a
method based on PL spectra measured from above the
sample surface, which contain luminescence emitted from
both the diffused layer and the underlying silicon substrate.
We show that these two regions give rise to distinct PL

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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peaks, due to band-gap narrowing effects in the heavily-
doped layer. The method can be applied to detect heavily-
diffused regions with thicknesses below 1 pm, which is
more typical for phosphorus and boron-diffused layers in
high efficiency silicon solar cells. We then examine two
critical parameters allowing an unambiguous identification
of the individual components of the combined spectrum
emitted by the two layers, the sample temperature and the
excitation wavelength. Finally, we demonstrate this meth-
od of detecting heavily doped layers on a passivated-
emitter rear locally-diffused (PERL) solar cell pre-cursor
in which the locally diffused region is a few tens of mi-
crons wide. We also apply the method to laser-doped wa-
fers, revealing interesting effects at the edges of the laser
doped regions with lateral spatial resolution in the micron
range.

2 Background In heavily doped silicon, the intrinsic
band gap is reduced [18]. Thus, the PL spectrum emitted
from heavily doped silicon is shifted to longer wavelengths,
i.e. lower energies. Wagner [7, 8] utilized this phenomenon
to determine the extent of band-gap narrowing in silicon,
using epitaxially grown silicon layers whose doping densi-
ties were homogeneous depthwise.

For solar cells, heavily-doped sub-surface layers are
typically formed by thermal diffusion or laser doping,
which give rise to relatively shallow (typically less than
1 um), and inhomogeneously doped layers depthwise. In
these cases, if an appropriate excitation wavelength is em-
ployed, this excitation light will be absorbed in both the
diffused layer and the underlying silicon substrate. These
two layers will then both emit PL spectra. The total de-
tected PL spectrum is a superposition of the spectra from
the two layers, with the spectrum from the heavily-doped
layer being energy-shifted by varying degrees via band-gap
narrowing.

However, at room temperature, the BB PL spectrum
from silicon is relatively broad [2, 3]. Thus, when the PL
spectra from the two regions are combined, the contribu-
tions of the individual components from each layer are dif-
ficult to distinguish. On the other hand, at cryogenic tem-
peratures, the BB peaks are much sharper due to reduced
lattice vibrations [2, 3]. Therefore, the BB peaks from the
two layers may be resolved clearly from each other, allow-
ing us to unambiguously detect the presence of the diffused
layers.

3 Experimental details The investigated samples
were phosphorus-doped n-type float zone silicon wafers
whose surfaces were mechanically polished and chemi-
cally etched to remove saw damage. Their resistivities
were between 1 Qcm and 10 Qcm, corresponding to
background doping levels between 6 x 10" cm™ and
6 x 10" cm™. These samples were heavily doped with bo-
ron from a BBr; vapor source (for forming the p+ layer) or
phosphorous from a POCI; vapor source (for the n+ layer)
in a quartz tube furnace at high temperatures between

www.pss-rapid.com

900-1000 °C with various drive-in times to achieve differ-
ent doping profiles in the diffused layers. The samples
were then immersed in HF solution to remove the borosili-
cate or phosphosilicate glass layers. The doping profiles of
the p+ and nt+ layers were measured using the electro-
chemical capacitance—voltage (ECV) technique, and are
plotted in Fig. 1b for four representative p+ boron diffused
samples. The sample size is about 1 x 1 cm?, with a thick-
ness of about 400 pum.

The diffused solar cell pre-cursor and laser-doped
sample were phosphorus-doped n-type float zone silicon
wafers with background doping levels of 2 x 10" cm™ and
7 x 10" em™, respectively. The diffused pre-cursor went
through the standard fabrication steps for PERL n-type
cells, which achieve efficiencies above 20%, as described
in more detail elsewhere [19]. The rear locally phosphorus-
diffused regions were 75 pm in diameter on 300 pm spac-
ing. The dopant source used for the laser-doped sample
was a commercial boron spin-on-dopant solution. The laser
doping was achieved using a HeCd laser (325 nm wave-
length, 4.05 Jem™ fluence, 25ns pulse duration, and
320 pm square beam diameter).

The micro-PL spectroscopy system employed in this
study is a Horiba T64000 equipped with a confocal micro-
scope. The incident laser beam was focused into a spot of
about 1 pm in diameter on the samples using a 50% objec-
tive reflective lens. The emitted PL signal was collected by
a liquid-nitrogen-cooled InGaAs array detector. The spec-
tral response of the entire system was calibrated with black
body thermal radiation. The employed lasers were a con-
tinuous wave diode-pumped solid-state (DPSS) laser and a
diode laser. The DPSS laser wavelength was 532 nm, cor-
responding to an absorption depth of about 3.3 pm at 79 K
(calculated from Ref. [20]), and on-sample average inten-
sity was 6 mW. The diode laser wavelength was 830 nm,
corresponding to an absorption depth of about 45 um at
79 K, and its power was adjusted to be the same as that of
the DPSS laser. The sample temperature was controlled
with a liquid-nitrogen cryostat. More details on the setup
can be found in Ref. [21]. We simulated the heating effect
of the excitation laser on the samples using the LCPSim
software [22, 23], and found that the local temperature at
the center of the illuminated spot was increased less than
6°. In addition, we varied the excitation power from
0.7 mW to 8.5 mW and captured the spectra at 300 K; and
then varied the temperature from 300 K to 305 K and cap-
tured the spectra with 8.5 mW excitation power. We found
that the change in the BB spectrum shape of the former
case was very much less than that of the latter, and thus
conclude that the degree of local heating due to the excita-
tion laser is insignificant. We note that the samples had no
surface passivation layers present during the measurements.

4 Results and analysis First, we examine the com-
bined spectra emitted from the diffused samples at 79 K.
Figure la shows the normalized PL spectra from four p+
diffused samples, corresponding to two categories: heavy

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (a) Normalized PL spectra of
the four samples with different boron
diffusion profiles, measured with the
532 nm laser at 79 K. The spectrum of
an undiffused sample is also given for
comparison. (b) The corresponding dif-
fusion profiles with the sheet resist-
ances indicated in brackets. (c) Wave-
length of the diffused BB peak, along
with one standard deviation error bars,
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and deep profiles (samples 1 and 2), and light and shallow
profiles (samples 3 and 4). The spectrum from an undif-
fused sample is also given for comparison. The dopant pro-
files of the diffused layers are plotted in Fig. 1b. For the
case of heavy and deep profiles (samples 1 and 2) in
Fig. 1a, two distinct peaks at around 1130 nm and 1160 nm
correspond to the BB peak of the silicon substrate (Si BB)
and the BB peak of the diffused layer (diffused BB), re-
spectively. The wavelength of the diffused BB peak moves
towards longer wavelengths when the doping concentra-
tion at the surface is higher (sample 1). In addition, we can
observe the transverse-optical phonon replica (shifted by
~60 meV) of the diffused BB peak (diffused BBTO) at
around 1225 nm. This phonon replica is the analogue of
the transverse-optical phonon replica of the Si BB peak (Si
BBTO) at around 1195 nm, which is also depicted in
Fig. 1a for the case of light and shallow profiles (samples 3
and 4), and for the undiffused case. For the lighter diffu-

versus peak doping density in nt+ and
p+ layers on n-type substrates.
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sample 2
sample 3 (p= 240 ohm/sqr)
= sample 4 (p=260 ohm/sqr)

(
(p=48 ohm/sqr)
(
(

sions, the signal of the diffused BB peak is not strong
enough to mask the phonon replica of the Si BB peak.

Note that the energy difference between the two BB
peaks is around ~30 meV, which is smaller than the ex-
pected energy shift of ~60 meV for the doping concentra-
tions ~1 x 10" cm™ [24] in comparison to intrinsic silicon.
The reason is that the silicon substrate itself is under high
injection, thus its BB peak is also partly affected by band-
gap narrowing. The average injection level in the silicon
substrate was estimated to be between 1 x 10" cm™ and
1 x 10" cm ™, for which the silicon band gap is reduced by
~30-40 meV [25, 26]. We note that this band-gap narrow
ing effect should not be confused with the donor-acceptor
pair (DAP) luminescence in compensated silicon [27],
since the DAP peak is detected at lower temperatures, and
is shifted towards higher energies as the net doping con-
centration increases [28], whereas the diffused BB peak
here is shifted towards lower energies (longer wave
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lengths). Figure 1c plots the wavelength of the diffused BB
peak versus the peak doping concentration in the diffused
layer. Since the diffused BB peak is broad, the peak wave-
length was determined by taking the average of all points
having PL intensities larger than 99% of the maximum
value. The peak wavelength clearly increases as the peak
doping concentration increases, supporting the suggestion
that the peak is due to the band-gap narrowing effect.

Next, we demonstrate the importance of temperature
and excitation wavelength on detecting the diffused layers
on silicon substrates. Figure 2a shows the normalized spec-
tra of sample 1 at different temperatures. As the tempera-
ture increases, the two BB peaks are thermally broadened,
and eventually combine together into a very broad peak
having a maximum in between the two low temperature
BB peaks. Also, the insert compares the spectra of sam-
ple 1 and the undiffused sample at 300 K, which have
maxima at 1146 nm and 1135 nm, respectively. This wave-
length shifting is due to the aggregation of the diffused and
Si BB peaks in sample 1. These two spectra are indistin-
guishable on the lower wavelength side. However, on the
higher wavelength side, the heavily doped region gives rise
to a clear shoulder, although not a distinct peak. The spec-
tra from the light and shallow profiles (samples 3 and 4)
are closer to that of the undiffused sample, and thus
the presence of their diffused layer is much more difficult
to observe at room temperature. Note that this signature
is opposite to the effects caused by non-uniform excess
carrier profile and surface reflectivity, in which the higher
wavelength side of the normalized spectrum is not affect-
ed due to the very long absorption depth of photons in
this wavelength region, whereas the low wavelength
side is affected more significantly at higher temperatures
[14].

In addition, Fig. 2b shows the spectra of sample 1 ex-
cited with both 532 nm and 830 nm lasers. Since the ab-
sorption depth of the 830 nm laser is about 45 um at 79 K
[20], the laser light is mostly absorbed in the silicon sub-
strate, and thus the signature of the diffused layer is sup-
pressed significantly. This suggests that only the diffused
BB peak may be observed if the sample is illuminated with
an ultraviolet laser, for example with a 325 nm HeCd laser
having an absorption depth of less than 0.01 um at 79 K.
The results from this figure confirm that the peak at around
1160 nm is emitted from the layer close to the surface, and
is associated with the diffused layer in this study. There-
fore, employing an appropriate excitation wavelength and
performing the measurements at low temperatures are es-
sential to observe the two separate BB peaks.

We also captured the spectra at numerous different lo-
cations for several samples, and found that despite a small
change in the relative PL intensity, the spectrum shape
from each sample is consistently unchanged regardless of
the locations, indicating a high degree of spatial homoge-
neity of the diffused layers. This property could be poten-
tially applied to directly characterize the spatial homogene-
ity of the diffused layers on silicon solar cells and cell pre-
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cursors, which could be particularly useful for studying lo-
cally-diffused or laser-doped regions.

Furthermore, we examine the effect of excitation pow-
er on the spectrum shape. Unlike the undiffused silicon
sample whose spectrum shape does not change with a
small variation of excitation power, the spectrum shape of
the diffused sample displays a notable dependence on exci-
tation power. Figure 3 shows the normalized spectra of
sample 1 with different excitation powers from the 532 nm
laser at 79 K. The normalized Si BB peak is saturated
whereas the normalized diffused BB peak is reduced with
increasing excitation power. The reason is that the average
injection level was estimated to be between 1 x 107 cm™
and 1 x 10" cm ™, whereas the doping density in the dif-
fused layer near the surface is around 2 x 10" cm, while
that in the silicon substrate is around 1 x 10> cm™. Thus,
the silicon substrate is under high injection level whereas
the diffused layer is still in the low injection regime.
Therefore, the dependence of the BB peak intensities on
the excitation power is different for the two layers. Since
the PL intensity ~(Np + An) x An where Np is the doping
density and An is the excess carrier density [14], the PL
signal is expected to be approximately linearly propor-
tional to An in the diffused layer, but should be a quadratic
function of An in the silicon substrate. When the excitation
power is increased, the PL signal of the diffused layer in-
creases more slowly than that of the substrate, and thus the
normalized diffused BB peak is less pronounced. When the
dopant concentration of the diffused region is reduced, this
effect is reduced.

Finally, we demonstrate this method on a locally n+
diffused region of a PERL n-type silicon solar cell pre-
cursor, and on an edge of the p+ region of a laser-doped
sample. The profile of the localized n+ region on the rear is
given in Fig. 4a. This profile was measured using the ECV
technique on a control wafer undergoing the same diffu-
sion process. The 3D optical surface image of the edge of
the laser-doped p+ region is given in Fig. 4d. The raised
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Figure 3 Excitation power dependence of normalized PL spectra
of sample 1, measured with the 532 nm laser at 79 K.
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edge region is about 5 um wide and 2 um higher than the
surface of the p+ and undoped regions. Figure 4b and c
show the normalized spectra captured from the n+ and un-
diffused regions of the precursor, and from the three re-
gions (p+, undoped, and edge) of the laser-doped sample.
For the diffused precursor, in Fig. 4a and b, the diffused
profile (heavy but shallow) lies between the two categories
examined above, so the diffused BB peak in this case is
somewhere between the two cases in Fig. 1a. For the laser-
doped sample, in Fig. 4c, the diffused BB peak of the
edge is notably higher than that of the p+ region, and its
peak energy is shifted slightly to longer wavelengths
compared to that of the p+ region. These features indicate
that the edge is doped more heavily than the p+ region. In
our experimental setup, this technique is effective for
diffused layers having doping concentrations as low as
1x10"™ em™ (sample 4 in Fig. la). In practice, the dop-
ing levels of the n+ and p+ regions in solar cell applica-
tions are generally higher than this concentration. There-
fore, this technique can provide a measure of the lateral
extent of heavily-doped layers with micron-scale resolu-
tion, and may be extended to allow quantitative estimates
of the dopant concentrations in such heavily-doped
regions.

5 Conclusions Utilizing the doping dependence of the
band gap in silicon, we have demonstrated a contactless
and non-destructive spectral photoluminescence technique
to detect thin heavily-doped layers on silicon substrates
with micron-scale spatial resolution. In addition, we have
empirically shown the importance of appropriate excitation
wavelengths and sample temperature in order to separate
the signatures of the two layers. Finally, we have demon-
strated this technique on a silicon solar cell pre-cursor
whose diffused regions are several tens of microns wide,
and on a laser-doped damaged edge whose width is only
several microns.
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CHAPTER 7

Characterization of Dislocations in Laser-Doped

Silicon by Photoluminescence Spectroscopy

n order to reduce the surface recombination induced by the heavily-doped layers, their
I surface area should be minimized. Although thermal diffusion is still a common doping
technique in silicon solar cell research, photolithography-based wet chemical processing is
required to create the localized doped regions. The process complexity of this technique
prevents it from being widely used for industrial scales. On the other hand, laser doping is
considered as a potentially attractive doping technique in industry due to its high throughput and
process simplicity. The advantages of the laser doping technique are that it melts only a few
micrometers of the material near the wafer surface without disturbing the bulk, due to the very
short duration and penetration depth of the laser pulse; and the laser beam diameter and position
can be controlled precisely. Therefore, micron-scale localized doped regions can be fabricated

with high lateral precisions.



Chapter 7: Characterization of Dislocations in Laser-Doped Silicon 64

However, the laser doping process is also known to frequently introduce high levels of
crystal damage. The damage can, in turn, degrade electrical properties of finished devices.
Microscopic pictures of the damage can be investigated by different methods including
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM).
However, these methods are destructive and require complicated sample preparation steps.
Common electrical and optical characterization methods such as Electron Beam Induced
Current (EBIC) or photoluminescence imaging cannot differentiate the effects of the dopant and
the damage since both of them simultaneously affect the recombination activity in the heavily-
doped regions.

As discussed in Chapter 5, defects and impurities can occupy energy levels inside the
silicon band gap, and emit deep-level photoluminescence spectra. However, unlike the
structural defects formed during the ingot growth and cooling, which are distributed uniformly
depth-wise in the wafers, the laser-induced crystal damage is confined to the thin heavily-doped
layers below the surface. Therefore, in order to excite sufficient luminescence from the laser-
induced damage, the excitation wavelength needs to be in an appropriate range. If it is too short,
the excitation light will be absorbed in sub-nanometer layers at the surface, in which case the
surface recombination is the dominant phenomenon. If it is too long, the excitation light will be
absorbed mostly in the underlying substrate, and thus the band-to-band luminescence from the
silicon substrate will dominate the total spectrum. When an appropriate excitation wavelength is
used, the laser is absorbed in both layers, and the detected spectrum contains three components:
the band-to-band luminescence from the underlying substrate, the band-to-band luminescence
from the heavily-doped layer, and the deep-level luminescence from the laser-induced damage.
They are different physical mechanisms, and in principle, they should have different
dependences on the excitation power and the temperature.

This chapter continues utilizing the micro-photoluminescence spectroscopy system and low
temperature measurements to evaluate the damage induced by the laser doping process. By
comparing with the photoluminescence properties of dislocations, the laser-induced damage is
confirmed to be related to dislocations, and the edges of the laser-doped regions are found to
contain much more damage than inside the laser-doped regions.

The work has been published. However, there is an important point that needs to be
clarified in this publication. The two luminescence peaks at 1130 nm and 1160 nm, denoted as
“SiBB” and “HDBB” peaks in the publication, are the band-to-band emission assisted by a
Transverse-Optical (TO) phonon from the Si substrate and the heavily-doped layer,

respectively.
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We report the detection of laser-induced damage in laser-doped layers at the surface of crystalline
silicon wafers, via micron-scale photoluminescence spectroscopy. The properties of the sub-
band-gap emission from the induced defects are found to match the emission characteristics of
dislocations. Courtesy of the high spatial resolution of the micro-photoluminescence spectroscopy
technique, micron-scale variations in the extent of damage at the edge of the laser-doped region
can be detected, providing a powerful tool to study and optimize laser-doping processes for silicon
photovoltaics. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926360]

Recently, there has been growing interest in employing
micro-photoluminescence spectroscopy (uPLS) as a non-
destructive and precise characterization tool in silicon photo-
voltaics (PV). With the advantages of high spatial and
spectral resolution, pPLS techniques have been utilized to
pinpoint micron-scale features of defects and impurities in
crystalline silicon (c-Si), such as Fe precipitates,’ disloca-
tions,2*6 or internal stress.” Besides that, uPLS has been also
employed to extract minority carrier lifetimes around grain
boundaries in multicrystalline silicon (mc-Si) wafers,® to
quantify doping densities in laser-doped regions,”'? and to
detect very thin localized diffusion layers.'> On the other
hand, laser doping has been demonstrated to be an effective
method to create heavily doped regions required for junction
and contact formation in high efficiency silicon solar
cells."*!” Despite the precision and simplicity of laser doping
compared to doping techniques such as thermal diffusion or
ion implantation, laser doping has been known to induce dis-
locations in the heavily doped layers, which in turn can have
detrimental effects on final cell perform.':tnce.lgf20 Moreover,
a challenge in the characterization of laser-doped regions is
the strong spatial non-uniformity on the micron scale, in par-
ticular, at potentially highly defective edge regions.?' =%

In this study, we demonstrate the micron-scale detection
of laser-induced dislocations embedded in the highly doped
layers using pPLS. We first compare and explain the PL
spectra emitted from different regions of laser-doped silicon
wafers, including at the edges of the doped regions. We then
demonstrate that the observed sub-band-gap PL signal is due
to dislocations by comparing its energy position and temper-
ature dependence with those of the well-known dislocation-
related “D-lines” from mc-Si wafers. Finally, we also report
and explain the observed excitation power dependence of the
dislocation PL intensity.

First, we describe the underlying principles of this
approach. When illuminated by appropriate excitation wave-
lengths, silicon wafers with thin heavily doped layers at the
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surface give rise to two separate peaks in their photolumines-
cence spectra at low temperatures,'” courtesy of band-gap
narrowing effects in the heavily doped layer.”**> On the
other hand, dislocations in c-Si are known to emit distinct
sub-band-gap PL lines besides the band-to-band (BB) line at
low temperatures.>® The laser-doping process can induce
structural defects, in particular, dislocations, during the sol-
idification phase of molten silicon. 820 Therefore, at low
temperatures, PL spectra from laser-doped silicon wafers
could be expected to contain three different components
originating from three different mechanisms. The first com-
ponent is emitted by the radiative recombination of free car-
riers between the two band edges from the underlying silicon
substrate, referred to here as SiBB (Silicon Band-to Band).
The second component is also band-to-band radiation, but
emitted from the thin laser-doped layer, and therefore, sub-
ject to a shift to longer wavelengths due to band-gap narrow-
ing effects in this heavily doped layer, referred to as HDBB
(heavily doped band-to-band). The third component is due to
laser damage caused by the laser-doping process, referred to
as LD (laser damage). These three components cannot be
distinguished from each other at room temperature, since the
SiBB and HDBB lines merge into a very broad peak due to
thermal broadening; and the luminescence from dislocations
is almost absent since most of the carriers trapped at the
defect levels are thermally excited back to their correspond-
ing band edges.”**

A description of the experimental setup of our puPLS
system can be found in Refs. 6 and 13. This uPLS system
has a spectral resolution of 0.25nm. The employed excita-
tion sources were a continuous wave 532-nm diode-pumped
solid-state (DPSS) laser and an 830-nm laser diode. For both
lasers, the on-sample laser spot size was about 1 ym in diam-
eter, and the on-sample excitation power was about 6 mW.
The spectral response of the entire system was determined
with a calibrated halogen-tungsten light source. The investi-
gated sample was a phosphorus-doped n-type float zone sili-
con wafer with a background doping level of 7 x 10"*cm .
It was chemically etched with tetramethylammonium hy-
droxide (TMAH) solution for 10 min to remove saw damage.

© 2015 AIP Publishing LLC
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The dopant source used for the laser-doping process was a
commercial boron spin-on-dopant solution. The laser doping
was achieved using a KrF laser having 248-nm wavelength,
3.9-J.em 2 fluence, 25-ns pulse duration, and 320-um square
laser spot size.'”** Note that these laser parameters, with a
relatively high fluence and a homogenous spot instead of the
more typical Gaussian beam shape, are different from those
commonly used in silicon solar cell applications. They were
used in this case to achieve a moderately high level of dam-
age and a narrow, distinctive edge region, which best illus-
trates the capabilities of the presented characterization
method. A 3D optical surface image of the edge of the inves-
tigated laser-doped region is given in Figure 1(a). Due to
the high laser fluence, the edge is heavily damaged, giving a
very inhomogeneous surface structure. This damaged edge
is several microns higher than the wafer surface and about
10-pm wide.

Figure 1(b) plots the normalized PL spectra captured at
different locations including the doped, undoped, and the
edge (interface between doped and undoped) regions, excited
by the 532-nm laser at 79 K. Compared to the undoped
region, both the edge and doped regions give rise to a very
strong PL peak located around 1270 nm. This peak is due to
the damage caused by the laser-doping process. Moreover, at
the edge region, this LD peak is so intense that the SiBB
peak is completely quenched. Thus, we normalized the spec-
trum from the edge region to the LD peak, instead of to the
SiBB peak. The results suggest that the edge region is much
more heavily damaged by the laser doping than the doped
region itself, which can have a significant impact on device
performance. Figure 1(a) also includes the spectrum from
the same location in the doped region, but excited by the
830-nm laser. Since the absorption depth of the 830-nm exci-
tation wavelength is about 45 yum at 79 K, compared to 3 um
for the 532-nm laser (calculated from Ref. 31), most of the
830-nm laser light is absorbed in the silicon substrate.
Therefore, the LD peak is nearly absent in the PL spectrum
from the doped region when illuminated by the 830-nm
laser. This result confirms that the LD peak located around
1270 nm comes from the near-surface region.

As discussed above, at low temperatures, the spectra
from the edge and doped regions should contain the HDBB
peak associated with the heavily doped layer, due to band-
gap narrowing effects in this layer. This HDBB peak is
absent in Figure 1(b), since it has been completely masked

Appl. Phys. Lett. 107, 022101 (2015)

by the very intense and broad LD peak. However, defect lu-
minescence usually displays a very strong thermal quenching
rate, since more carriers trapped at defect levels in the for-
bidden gap can be thermally activated and return to their
nearest band edges with increasing temperatures.”® >’
Hence, as the temperature increases, the LD peak should be
suppressed and the HDBB peak may appear. Figure 1(c)
shows the change of the spectrum shape from the laser-
doped region as the temperature increases, excited by the
532-nm laser. The HDBB peak is clearly revealed at 150K
due to the suppression of the LD peak. At room temperature,
the LD peak almost disappears and only a very broad peak
located around 1140 nm is present. This broad peak at room
temperature is the aggregate PL signal of both the SiBB and
HDBB lines.'” Note that there is also a very sharp peak
located at 1064 nm on all spectra. This is not the entirely sup-
pressed 1064-nm component from the 532-nm DPSS laser.

Now, we verify that the LD line is due to dislocations,
which are known to be induced by the laser-doping pro-
cess.'® Y Dislocations are known to be the underlying cause
for four distinct deep-level PL lines, namely, D1, D2, D3,
and D4 at low temperatures.”® The D3 and D4 lines have
been confirmed to reflect the intrinsic properties of disloca-
tions whereas the D1 and D2 lines have been demonstrated
to be emitted by other defects and impurities trapped around
dislocation sites.*® Thus, we may expect the LD line to
match the D3 and D4 lines.

Figure 2(a) plots the deep-level PL spectrum of disloca-
tions captured at a sub-grain boundary in the mc-Si wafer
from Ref. 6 at 79K. The D4 and D3 lines have their peak
locations around 1230 and 1300 nm, respectively. The D4
line’s peak location has been shifted by ~100nm compared
to that of the SiBB line. This shift is similar to the shift
between the LD and HDBB lines observed here. Note that
this particular sub-grain boundary was chosen for compari-
son as it yielded strong D3 and D4, but very low D1 and D2
emissions (see Ref. 6 for more details on the properties of
these D lines). In addition, Figure 2(b) plots the intensities of
the D3, D4, and LD lines versus temperature. Each individ-
ual line was decomposed from their corresponding spectra
using Gaussian functions.® The amplitude of each resultant
Gaussian function is the peak intensity of its corresponding
line. In Figure 2(b), the thermal dependence of the LD line is
very similar to that of both D3 and D4 lines. Thus, all three
lines should have a similar activation energy E4, which can
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FIG. 1. (a) 3D optical surface image at the edge of the laser-doped region. (b) Normalized PL spectra of the undoped, edge, and doped regions, excited by the
532-nm and 830-nm lasers at 79 K. The spectrum of the edge was normalized to the LD peak, whereas those of the doped and undoped regions were normal-
ized to the SiBB peak. (c) Temperature dependence of normalized PL spectra from the doped region, excited by the 532-nm laser.
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FIG. 2. (a) PL spectrum from dislocations at a sub-grain boundary of a mc-
Si wafer, excited by the 532-nm laser at 79 K. (b) Temperature dependence
of peak intensities of the LD, D3, and D4 lines, excited by the 532-nm laser.

be extracted by fitting the equation below with the experi-
mental data®®

Iy

= A (1)
1 + CT3/2exp (— ﬁ)

where I(T) is the PL intensity at a certain absolute tempera-
ture T, I, is a constant, C is a fitting parameter, and & is
Boltzmann’s constant. The factor %% accounts for the effec-
tive density of states in the band edge. The derivation and
meaning of these parameters are explained in detail in Ref.
26. Fitting the data in Figure 2(b) gives E,4 of 38, 43, and
46 meV for the LD, D4, and D3 lines, respectively, which
are within experimental uncertainty. The fitting of Eq. (1) for
the LD line is also plotted in Figure 2(b). Note that above
150K, the slope of the LD line is somewhat lower than that
of the D3 and D4 lines. This discrepancy may be explained
by the fact that the damage is in the near-surface region
whose thickness is only about 1 um, and the absorption depth
of the laser is shorter at higher temperatures. Therefore,
more 532-nm laser light is absorbed in the laser-doped
region at higher temperatures, contributing more to the rela-
tive LD intensity. Meanwhile, for the mc-Si wafer, the dislo-
cation density is expected to be uniform depthwise, and thus,
the changing absorption depth is not expected to affect the
slopes of D3 and D4 for that sample.

Since the energy difference between LD and HDBB is
similar to that between D4 and SiBB, and the activation
energy E4 of LD is also similar to that of D4 from disloca-
tions, we conclude that this LD line is emitted by dislocation
sites formed during the laser-doping process. The large dif-
ference in the full-width at half-maximum (FWHM) between
LD and D4 may be explained by two reasons. The first is
caused by the fact that the doping profile of the heavily
doped layer is not homogeneous depthwise. Therefore, LD is
in fact the combined emission from layers of different dop-
ing densities, which are shifted by varying amounts due to
changing band-gap narrowing, thus leading to a broader
peak than D4 emitted from a sample with a homogenous
doping density depthwise. Another possibility is that LD
may contain components of both D3 and D4, and these two
lines are also broadened due to the inhomogeneous doping
profile. However, decomposing these two lines from the
broad LD line is difficult since the peaks of D3 and D4 in

1(T)
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this case are very broad and not well-defined compared to
those of the mc-Si wafer.

Next, we investigate the dependence of the LD line on
the excitation power. Figure 3(a) plots the normalized PL
spectra from the doped region with various 532-nm excita-
tion powers at 79 K. Similar to the case of diffused silicon
wafers,'® the spectra from the damaged laser-doped region
show a strong dependence on the excitation power due to dif-
ferent injection dependencies of the PL signals from the two
different layers—the heavily doped layer and the underlying
silicon substrate. However, within the heavily doped layer,
the HDBB and LD lines also show different injection
dependencies from each other due to different recombination
mechanisms. The D3 and D4, and thus LD, lines were dem-
onstrated to be emitted by the recombination of trapped car-
riers between a deep level (Ep) and a shallow level (E ), 26072
as illustrated in Figure 3(b). This two-level model is implied
from the very strong temperature dependence of D3 and D4,
which suggests the participation of shallow levels; and also
from the relatively large energy difference between these
two lines and the BB line, which suggests the presence of
deeper levels. Here, we assume that £ and Eg are closer to
the conduction band (E) and the valance band (Ey), respec-
tively. Hence, the energy difference between Eg and Ey is
the activation energy E4 in Eq. (1). In case Ep and Eg swap
their positions, the following explanation is still valid by
simply swapping the roles of electrons and holes.

The radiative recombination rate between the two levels
Ep and Eg depends on the product of the number of electrons
trapped at Ep and the number of holes trapped at Eg. The

occupational probability of electrons at E, is given by*®>>
() 1 @
D) — )
‘ |+ exp[ B Erc
P\

with Erc being the quasi-Fermi level of electrons under
illumination.

The number of free electrons located around the defect
centers is determined by>>
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FIG. 3. (a) Excitation power dependence of normalized PL spectra from the
laser-doped region, excited by the 532-nm laser at 79 K. (b) Illustration for
the recombination scheme of deep-level PL. (c) Peak intensities of the LD
and SiBB lines versus 532-nm excitation power at 79 K.
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where N is the effective density of states in the conduction
band.
Combining Egs. (2) and (3) yields

1

Nc Ep—Ec\
1 L€ &b — tC
+nee"p( KT )

Je(Ep) = “)

Nc and kT are ~4 X 10"%cm™ and ~7meV at 79K,
respectively. Under high injection, n,~ An, which is the
excess carrier density and is estimated to be about
10'7-10"®cm 3. Since E- — Ep is much higher than kT at
79K, the second term in the denominator of Eq. (4) is much
less than 1. Therefore, the occupational probability of elec-
trons at Ep is independent of An under high injection at low
tempelratulres.26 With the same derivation for holes, the occu-
pational probability of holes at Eg still slightly depends on
An. The boundary occurs when Eg approaches Ey, in which
case the occupational probability linearly depends on An. As
a result, the radiative recombination rate via the defect cen-
ters does not increase as fast as An.

Meanwhile, the BB recombination rate is determined by
An x (An+Np).>® Hence, the SiBB peak intensity is a quad-
ratic function of An in high injection, but the HDBB peak
intensity is still between a linear and quadratic function of
An. Therefore, the LD line is reduced most quickly with
increasing excitation power when the spectra are normal-
ized relative to the BB peak, as in Figure 3(a). Note that the
HDBB line is eventually revealed with increasing excitation
power in Figure 3(a) due to its intermediate dependence
on An.

In order to fortify the explanation above, Figure 3(c)
plots the peak intensities of the SiBB and LD lines versus
the excitation power in logarithmic scale. In order to avoid
overlapping the two lines, the data of the LD line were cap-
tured at the edge of the laser-doped region (the SiBB line
was absent), and those of the SiBB line were captured at the
undoped region (only the SiBB line was present). The slope
of the SiBB curve is close to 2 since the SiBB PL signal is
proportional to An? under high injection, but that of the LD
curve is significantly less than 1. The results from this figure
are, therefore, consistent with the explanation of different
recombination mechanisms between the SiBB and LD lines
above. We note that, in general, different laser-doping tech-
niques or conditions may give rise to different types of defect
luminescence.

In summary, micro-photoluminescence spectroscopy
has been applied to detect laser-induced damage in heavily
doped layers of laser-doped crystalline silicon wafers for
solar cell applications. The high spatial resolution of this
method can be of particular use to identify defective edge
regions which impact device performance. The detected
laser-induced damage is demonstrated to be caused by dis-
locations, due to the similar properties of its PL spectrum
compared to those of dislocations. This method is effective
for probing micron-scale features of laser-doped regions
and could be employed as a characterization tool for study-
ing and optimizing laser-doping processes for silicon
photovoltaics.
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CHAPTER 8

Characterization of Amorphous Silicon, Silicon

Nitride, and Heavily-Doped Layers in Solar Cells

ecombination in silicon solar cells can happen either in the bulk or at the surface.
R Minimizing the bulk recombination is achievable, but eliminating it entirely is impossible
since radiative and Auger recombination are fundamental properties of silicon. On the other
hand, surface recombination is due to dangling bonds and defects at the surface, which can trap
photo-generated carriers. Therefore, it is possible to passivate these dangling bonds to avoid this
type of recombination. To date, hydrogenated amorphous silicon nitride (SiNy:H) is the most
commonly used technique for surface passivation as it can not only provide excellent surface
passivation qualities, but also act as an anti-reflection coating layer, which helps minimize the
reflection of incoming lights. Alternatively, hydrogenated amorphous silicon (a-Si:H) is also
employed as passivation layers for heterojunction silicon solar cells. The a-Si:H films not only

feature high quality and stable electronic properties, but also can be fabricated at low
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temperatures (typically < 200 °C). However, solar cells passivated with a-Si:H films can suffer
considerable parasitic loss due to the strong optical absorption of a-Si:H films from ultra-violet
to visible wavelengths. Therefore, in practice, it is desirable to keep the a-Si:H films as thin as
possible while still maintaining a good passivation quality.

Unlike crystalline silicon whose luminescence signal is emitted by free carriers located at
the two band edges, the luminescence of a-Si:H originates from carriers trapped at the two band
tail states. Therefore, luminescence spectra of a-Si:H are very broad even at low temperatures.
Moreover, at room temperature, the carriers trapped at the band tail states can be thermally
excited back to their corresponding band edge, and freely move inside the material until they are
trapped by other non-radiative recombination centers. This effect results in a strong suppression
of the a-Si:H luminescence intensity at room temperature. Therefore, luminescence experiments
on a-Si:H need to be carried out at low temperatures.

In SiN,:H depositions, silane and ammonia are commonly used as two main gas precursors,
and as such they determine the concentrations of silicon, nitrogen, and hydrogen in the
passivation films. When the percentage of silane in the gas precursors is increased, the silicon
component in the passivation films is also increased, and eventually the SiN,:H films should
become similar to a-Si:H films. These silicon-rich SiN,:H films, in principle, should have
similar luminescence properties to a-Si:H, and should be optically absorptive. Therefore, by
observing the luminescence signals from the SiN,:H films, one may be able to evaluate the
structures and optical properties of these films.

This chapter is devoted to the application of spectrally-resolved photoluminescence in
characterizing a-Si:H and SiN,:H passivation films on silicon solar cells. Furthermore,
combined with the ability to detect the luminescence signal from heavily-doped layers as
reported in Chapters 6 and 7; and the micron-scale spatial resolution of the micro-
photoluminescence spectroscopy system, this technique is applied to evaluate the parasitic
absorption of the passivation films, and the dopant density of the heavily-doped regions, on
various complete silicon solar cells.

The work has been published. However, there is an important point that needs to be
clarified in this publication. The main luminescence peak at 1130 nm, denoted as “c-Si” in the
publication, is the band-to-band emission assisted by a Transverse-Optical (TO) phonon from
the Si substrate. Therefore, the shoulder at 1195 nm, denoted as “phonon replica of c-Si peak”,

is the band-to-band emission involving both a TO phonon plus an optical zone center phonon.
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We report and explain the photoluminescence (PL) spectra from crystalline silicon (c-Si) wafers passi-
vated by hydrogenated amorphous silicon (a-Si:H) films under various measurement conditions, utilizing
the different absorption coefficients and radiative recombination mechanisms in c-Si and a-Si:H. By
comparison with the luminescence properties of a-Si:H, we also demonstrate that SiN, films deposited
under certain silicon-rich conditions yield luminescence spectra similar to those of a-Si:H, indicating the
presence of an a-Si:H-like phase in the SiN, films. This causes a reduction in the blue response of the
solar cells via parasitic absorption. In addition, with the ability to detect the specific emission from
heavily-doped silicon via band-gap narrowing effects, we can unambiguously separate individual spec-
tral PL signatures of three different layers in a single substrate: the SiN, passivation films, the diffused
layers, and the underlying c-Si substrate. Finally, we apply this technique to evaluate parasitic absorption
in the passivation films, and the doping density of the diffused layers on different finished solar cells,
highlighting the value of this nondestructive contactless, micron-scale technique for photovoltaic

Silicon photovoltaics
applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

There has been a growing interest in employing micro-pho-
t'oluminescence spectroscopy (MPLS) as a precise and non-
destructive characterization tool in silicon photovoltaics (PV).
Utilizing the high spatial and spectral resolutions of the pPLS
technique, the microscopic properties of micron-scale features on
crystalline silicon (c-Si) wafers and cell pre-cursors have been
investigated, such as dislocations [1-4], iron precipitates [5],
internal stress [6], laser-doped regions [7-11], or locally diffused
layers [12]. Besides that, luminescence of hydrogenated amor-
phous silicon (a-Si:H) films has also been intensively studied for
many decades, and is well known as an effective tool to study
fundamental properties of this material.

Over the past decades, a-Si:H/c-Si heterojunctions have come
to play an important role in silicon PV, since they not only feature
high quality and stable electronic properties, but also utilize low
temperature deposition processes (typically <200 °C). These
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junctions are the key building blocks of record efficiency silicon
heterojunction solar cells [13-15]. Furthermore, a-Si:H has been
demonstrated as an excellent passivation layer in silicon homo-
junction solar cells, which can achieve very good majority carrier
conduction [16]. On the other hand, diffused junctions and SiN,
passivation layers are two very important components in today's
standard industrial silicon solar cells. Therefore, an insightful
understanding of the combined PL spectra from c-Si wafers con-
taining these layers (diffused layers, a-Si:H, and SiN, films) may
prove useful in the development of precise characterization tools
for PV applications.

Although the electronic and optical qualities of these layers can
be evaluated directly after they are formed, using commonly-
known techniques such as electrochemical capacitance-voltage
(for diffused layers) [17] or spectroscopic ellipsometry and infrared
spectroscopy (for a-Si:H and SiN,) [18-22], their properties can be
affected by successive fabrication steps. However, it is difficult to
nondestructively assess the properties of these layers in finished
solar cells since they are often buried underneath other materials
or layers. Furthermore, as the complexity of device structures
increases, it is more difficult to probe micron-scale features on
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finished solar cells and cell pre-cursors such as locally-doped
regions.

In this study, we first report and explain the combined PL
spectra emitted from a-Si:H films and the underlying c-Si sub-
strate, including the effects of different measurement and sample
preparation conditions. We then demonstrate that SiN, films
deposited under silicon-rich conditions yield PL spectra similar to
those of a-Si:H films, suggesting the presence of an a-Si:H-like
phase, and indicating that the SiN, films can reduce the blue
response of the solar cells via parasitic absorption. In addition,
combining this method with our recently established technique
for detecting heavily-doped layers in silicon wafers [12], we can
unambiguously separate individual spectral PL signatures of
three different layers in a single substrate: the SiN, passivation
films, the diffused layers, and the underlying c-Si substrate, all
with micron-scale spatial resolution. Finally, we apply this tech-
nique to evaluate unwanted absorption in the passivation films
and the doping density of the diffused layers on different solar
cell designs, in which some investigated features are only a few
tens of microns wide. These applications highlight the value of
this contactless and nondestructive technique, which can be
applied directly both on finished cells and cell pre-cursors, to
study and optimize the fabrication process. A critical aspect of
this technique is the use of low temperatures (78 K and above),
since the individual spectral PL signatures from different layers
are not discernible at room temperature, due to both thermal
broadening of band-to-band luminescence, and thermal
quenching of defect luminescence [11,12].

2. Experimental details

The experimental set up of our uPLS system is described in
detail elsewhere [4,12]. The spectral resolution of this system is
0.25 nm. Two different excitation lasers were employed in this
work, a 532 nm continuous-wave diode-pump solid-state (CW-
DPSS) laser and an 830-nm CW laser diode. For both lasers, the
beam diameter on the sample surface is about 1 pm, and the
excitation power is about 6 mW. The spectral response of the
entire system was determined with a calibrated halogen-tungsten
light source. The sample temperature was controlled by a liquid-
nitrogen cryostat.

The investigated wafers are p-type boron-doped c-Si wafers
with resistivities > 100 £ cm. They were chemically etched in an
HF/HNO3 solution to remove saw damage and to achieve planar
surfaces. Their final thickness is about 300 pm. Some were pas-
sivated by thin a-Si:H films, whose thicknesses vary from 10 to
100 nm, by plasma-enhanced chemical-vapor deposition
(PECVD). Some were passivated by thin PECVD SiN, films with
various SiH4:NH3 gas flow ratios in order to achieve different
optical properties. Some were heavily doped with phosphorus
from a POCls vapor source to form n+ layers on the surfaces, and
then immersed in diluted HF to remove the phosphosilicate glass
layers. The resultant sheet resistance is about 45 € /o. These n+
diffused wafers were then passivated by PECVD SiN, films with
various SiH4:NH3 gas flow ratios. The thicknesses of these thin
SiN, films were determined by an ellipsometer. The investigated
c-Si solar cell structures are the passivated-emitter rear locally-
diffused (PERL) cell [23], interdigitated back contact cell with a
diffused front surface field (FSF-IBC) [24,25], and interdigitated
back contact cell without a front surface field (IBC) [26]. All
devices have efficiencies above 20%.

The investigated a-Si:H and SiN, films were prepared at three
different laboratories including The Australian National University
(ANU), Australian National Fabrication Facility (ANFF), and Ecole
Polytechnique Fédérale de Lausanne (EPFL) in Switzerland. Table 1

Table 1
Substrate temperatures and frequency modes of PECVD reactors employed in
this study.

Film Substrate temperature (°C) Frequency mode

ANU a-Si:H 300 Microwave/radio frequency dual-
mode

Capacitive-coupled plasma
Capacitive-coupled plasma
Microwave/radio frequency dual-
mode

Capacitive-coupled plasma

ANFF a-Si:H 400
EPFL a-Si:H 200
ANU SiN, 300

ANFF SiN, 400
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Fig. 1. Comparison of normalized PL spectra (a) from a-Si:H deposited at different
laboratories and (b) between intrinsic a-Si:H and doped|/intrinsic a-Si:H stacks. The
a-Si:H films were deposited directly on glass substrates. The excitation wavelength
is 532nm and the measurement temperature is 79 K. The spurious peak at
1064 nm is due to the not-entirely-suppressed 1064-nm component from the 532-
nm DPSS laser.

gives a summary of substrate temperatures and frequency modes
of the PECVD reactors employed in this study.

3. Luminescence of a-Si:H deposited on glass substrates

For many decades, luminescence spectra from a-Si:H have been
studied intensively regarding their spectral shapes, peak locations,
and relative intensities under different measurement conditions
and with various preparation conditions and techniques. There-
fore, in this first section, we aim to review only the basic PL spectra
captured from a-Si:H deposited directly on glass substrates, which
will serve as a basis for our later discussions on the combined PL
signal from different layers stacked together.

Fig. 1a shows the normalized PL spectra from intrinsic a-Si:H
films deposited on glass substrates, excited by the 532-nm laser at
79 K, prepared at ANU (~70nm), ANFF (~30nm), and EPFL
(~10 nm). The first notable feature is that, at 79 K the spectra of
a-Si:H are much broader than those of c-Si. The full width at half
maximum (FWHM) of the a-Si:H peak is ~300 meV, whereas that
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of ¢-Si is only ~25 meV at 79 K [27]. This broadening stems from
the fact that the PL spectra from a-Si:H are emitted by the carriers
trapped at band-tail states at the band edges [28-33], resulting in
a relatively broad range of energies, rather than being emitted
from the two sharp band edges, as is the case for c-Si. Further-
more, even for perfect crystalline materials, the Urbach energy,
which is basically the slope of the absorption edge, is a non-zero
value, and this value scales with temperature. Amorphous and
disordered materials will have additional Urbach energy broad-
ening due to the additional band edge roughness caused by the
disorder [34]. As such, low Urbach energies usually imply high
mobilities, and thus the broadening of PL spectra likely indirectly
implies a lowering of the carrier mobility in the amorphous films.
In addition, in Fig. 1a, different deposition conditions (see Table 1)
yield different peak locations of the a-Si:H spectra. The peak
energy varies between ~1.3 and 1.45 eV (~850 to 950 nm), con-
sistent with the results reported in the literature [28-33]. The
reason is that the optical band gap of a-Si:H depends strongly on
the deposition conditions [35-38], and hence the luminescence
energy is affected correspondingly. Note that the varying peak
energies observed are not due to the difference in the film thick-
ness among the three samples, since the shape and peak location
of the PL spectra did not change when we varied the film thickness
between 10 and 100 nm under the same deposition conditions.

Furthermore, Fig. 1b compares the normalized spectra among the
boron-doped (p) and phosphorus-doped (n) a-Si:H (deposited on the
intrinsic a-Si:H layer) and the intrinsic a-Si:H itself. These layer stacks
were prepared with EPFL's standard recipes for heterojunction silicon
solar cells, which achieve efficiencies higher than 21% [39,40]. The
doped (n- and p- types) and intrinsic layers are ~10 nm thick. The
absorption depth of the 532-nm excitation light in a-Si:H is ~160 nm
at 79 K (calculated from Ref. [41]). Therefore, the 532 nm excitation
light is absorbed by both the intrinsic and doped layers. In the case of
c-Si, if the laser light is absorbed by both the diffused layer and the
underlying c-Si substrate, one can observe two separate band-to-band
PL peaks from the two layers due to the band-gap narrowing in
heavily-doped c-Si [12]. However, we did not observe two separate
peaks from the doped/intrinsic a-Si:H stacks in Fig. 1b. Again, this
result is explained by the fact that, the luminescence signal from a-Si:
H is emitted from the band-tail states, not from the band edges, and
these band-tail states are distributed over a wide energy range, rather
than a well-defined value as for the band edges. The doping leads to
even wider band tails due to the increased disorder in the material
[42]. Therefore, any small change in the band gap due to the doping is
very likely to be masked by the broad luminescence peak.

Note that, although the shape of the PL spectra from the doped/
intrinsic a-Si:H stacks are similar to that from the intrinsic a-Si:H
itself, the relative PL intensity of the former is five-fold smaller
than that of the latter, due to increased non-radiative recombi-
nation introduced by doping [42-45]. Such undesired doping-
induced recombination explains why doped layers at the front of
silicon heterojunction solar cells should be kept as thin as possible
[46]. When the doping level is high enough, another peak at
around 0.9 eV (1380 nm) in the luminescence spectrum has been
reported, attributed to the radiative transition of electrons and
holes through the defect band in the band gap [42-45]. We did not
observe such an additional peak in this study.

4. Luminescence of c-Si wafers passivated by a-Si:H

4.1. Dependence of luminescence on excitation wavelength and
measurement temperature

Next, we examine the spectra emitted from a-Si:H passivated c-
Si wafers. Since the a-Si:H passivation layer is ~30 nm thick, the

532 nm excitation light (absorption depth in a-Si:H is 160 nm at
79 K) is absorbed in both the a-Si:H and c-Si layers. In Fig. 2, the
spectrum at 79 K from this passivated wafer displays two separate
peaks: (1) a very broad peak at ~940 nm attributed to the a-Si:H
passivation layer, and (2) a sharp peak at ~1125 nm attributed to
the underlying c-Si substrate. Note that the a-Si:H layer was
deposited at ANFF and hence the a-Si:H peak position (~940 nm)
is comparable to that shown in Fig. 1a. The spectrum from an
uncoated c-Si wafer was also included for comparison. The small
peak at ~1200 nm in all spectra is the phonon replica of the c-Si
peak. Also shown is the spectrum from the a-Si:H passivated c-Si
wafer, but with the 830-nm excitation laser. Due to the increasing
absorption depth of this excitation light, most of this laser light is
absorbed in the underlying c-Si substrate, and thus the emission
from the a-Si:H layer is suppressed in relative terms and the
spectrum is very similar to that from an uncoated c-Si wafer (see
Fig. 2). This shows the importance of using an appropriate illu-
mination wavelength to identify the presence of an a-Si:H passi-
vating layer [47].

Furthermore, the luminescence from a-Si:H is known to display
a very strong thermal quenching and is usually entirely suppressed
at room temperature [42-44,48], since the carriers trapped at the
tail states can be thermally excited back to their corresponding
band edges and freely move in the material until they are trapped
by other non-radiative recombination centers. Fig. 3 shows the
evolution of the normalized spectra from the a-Si:H passivated c-
Si wafer versus the temperature, excited by the 532 nm laser. The
a-Si:H peak from the passivated wafer is significantly reduced with
increasing temperatures. At room temperature, the normalized
spectrum from this passivated sample is overlapped with that
from the uncoated c-Si wafer, although the relative PL intensity of
the former sample is one order of magnitude higher than that of
the latter due to the passivation effects of the a-Si:H film on the c-
Si substrate [49,50]. Therefore, performing measurements at
cryogenic temperatures with an appropriate excitation wavelength
is critical to detect the presence of a-Si:H layers on the c-Si sub-
strate. Note that there is a very sharp peak at 1064 nm in all
spectra. This is an artifact due to the not-entirely-suppressed
1064 nm component from the 532 nm DPSS laser.

4.2. Dependence of luminescence on excitation power

When the PL spectrum contains multiple components from
various layers on the substrate, its spectral shape is very sensitive
to the excitation power due to the different dependencies of each
individual component on the excess carrier density, which is
related to the excitation power [11,12]. Fig. 4a plots the PL spectra,
normalized to the c-Si peak, from the a-Si:H passivated c-Si wafer

1 0 | T T T T | T T T T | T T T T _
: —— a-Si:H/c-Si, .~ -
B 532nm laser c-si T=79K
S - — — c¢-Si, 532nm laser -
0] B + a-Si:H/c-Si, _
% | 830nm laser i
IS
5 0.5 ]
% - phonon replica -
o B of c-Si peak T
o T
0.0 Ballitesr 1 AL T ks
800 1000 1200 1400

Wavelength (nm)

Fig. 2. Comparison of normalized PL spectra between the a-Si:H passivated c-Si
wafer and the uncoated c-Si wafer, excited by the 532- and 830 nm lasers at 79 K.
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at various 532-nm excitation powers at 79 K. The higher the
excitation power, the less pronounced the a-Si:H peak compared
to the c-Si peak. This dependence stems from the different
radiative recombination mechanisms between the a-Si:H layer and
the underlying c-Si substrate. The c¢-Si PL signal originates from
carriers at the two band edges, and thus is a quadratic function of
the excess carrier density An under high injection [51]. Mean-
while, the a-Si:H PL signal, in principle, has a similar recombina-
tion mechanism compared to that of the deep-level PL signal from
dislocations in c¢-Si [11] since both are emitted from defect states
in the band gap. Therefore, the same as the deep-level PL signal
from dislocations [11], the a-Si:H PL signal shows a much weaker
dependence on the excitation power than the band-to-band PL
signal from c-Si.

In order to support the above explanation, we measured the
peak intensities of a-Si:H and c-Si versus the excitation power at
79 K, and plotted the results in Fig. 4b. The data of c-Si was cap-
tured on the uncoated c-Si wafer in order to avoid overlapping
with the low energy tail of the broad a-Si:H peak, whereas the
data of a-Si:H was captured directly on the a-Si:H passivated c-Si
wafer since the PL peak intensity of a-Si:H is not affected by the
very sharp PL peak of c-Si. As can been seen in Fig. 4b, the c-Si PL
intensity shows a very strong dependence on the excitation power,
whereas that of a-Si:H has a very weak dependence.
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Fig. 3. Temperature dependence of normalized PL spectra from the a-Si:H passi-
vated c-Si wafer, excited by the 532 nm laser. The spectrum at 298 K from the
uncoated c-Si wafer was also included for comparison.

The PL intensities from the uncoated c-Si sample and the a-Si:H
layer can be simply fitted by Eqs. (1) and (2), respectively:

PL._s; oc P Y]

PLy_sin o« [Po(1—e )]’ @)

Py is the excitation power, which is directly related to the
excess carrier density. a is the absorption coefficient of a-Si:H, and
d is the thickness of the a-Si:H film. x and y are the fitting para-
meters. The term Po(1—e~“?), instead of Py, in Eq. (2) accounts for
the fraction of Py absorbed in the a-Si:H layer since this layer is
thinner than the absorption depth of the 532 nm laser at 79 K.
Fitting the data in Fig. 4b yields x and y of 1.64 and 0.23, respec-
tively. In fact, x is expected to be close to 2 since PL.s~An>
However, the wafers are under high injection, and thus Auger
recombination plays a role. Therefore, An does not increase as
quickly as Po.

5. Luminescence of c-Si wafers passivated by SiN, films
5.1. Detection of a-Si:H PL signature in SiNy films

Fig. 5a plots the normalized PL spectra from SiN, passivated c-
Si wafers, deposited by PECVD with various SiH4:NH3 gas flow
ratios. Similar to the a-Si:H passivated c-Si wafers, besides the c-Si
peak at ~ 1125 nm, we can observe another peak between 850 and
900 nm, similar in shape to that of the a-Si:H passivated c-Si
wafers, and hence denoted as a-Si:H in Fig. 5a. The intensity of this
a-Si:H peak increases with increasing SiH4:NH;3 gas flow ratios.
Interestingly, this is not simply due to the increasing silicon
component in the SiN, films, but it suggests that the excess Si
atoms are clustered in a form that replicates the bond structure of
a-Si:H, because the PL spectra are akin to that of this amorphous
semiconductor. We also observed the same trend in the n+ dif-
fused c-Si wafers passivated by the PECVD SiN, films with different
SiH4:NH3 gas ratios, as shown in Fig. 5b. In this case, besides the
a-Si:H and c-Si peaks, we observe another peak at ~1160 nm due
to the band-to-band emission from the n+ diffused c-Si layer,
which is shifted to longer wavelengths compared to the c-Si peak
due to band-gap narrowing effects in the heavily-doped layer [12].
We have labeled this peak HDBB (heavily-doped band-to-band) in
Fig. 5b.

As an additional test, we removed the SiN, film (SiH4:
NH3=30:10) from one wafer using a dilute HF solution. The a-Si:H
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Fig. 4. (a) Excitation power dependence of PL spectra, normalized to the c-Si peak, from the a-Si:H passivated c-Si wafer. (b) Peak PL intensity of a-Si:H and c-Si versus the
excitation power. The excitation wavelength is 532 nm and the measurement temperature is 79 K.
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PL peak disappeared, as shown in Fig. 5a. Since neither a-Si:H nor
c-Si can be dissolved in HF, the a-Si:H peak observed before
etching cannot originate from an a-Si:H layer which may be pre-
sent at the interface between the SiN, film and the c-Si wafer, but
must be emitted from within the SiN, film itself. To further
investigate if the source for this a-Si:H PL peak is distributed
across the entire thickness of the SiN, film, we changed the PECVD
deposition time, but kept other parameters the same, in order to
achieve various thicknesses of the SiN, film (SiH4:NH5=30:10).
Fig. 5c¢ shows that the relative PL intensity of the a-Si:H peak
increases with the SiN, film thickness. Therefore, we conclude that
the observed a-Si:H PL peak is emitted from the bulk of the SiNy
film, not from just an interfacial layer.

5.2. Correlation of a-Si:H PL and SiN, optical properties

Fig. 6a and b shows the a-Si:H peak intensity of the SiN, pas-
sivated c-Si wafers versus the refractive index n at 632 nm and the
absorption coefficient a at 400 nm of the SiN, film, respectively.
The results in these two figures confirm that the film with higher
n, and thus higher q, yields a stronger a-Si:H PL peak. This finding
is consistent with the fact that the more silicon-rich film has
higher n and a [21,52]. In addition, Fig. 6c compares the absorp-
tance spectra between the SiN, (SiH4:NH3=30:10) and a-Si:H
films, deposited directly on the glass substrates with the same
thickness of ~75nm. The absorptance spectrum of the glass
substrate was also included to facilitate the comparison. Since we
were interested in the percentage of the entering light absorbed in
the material, we applied the following formula to determine the

weighted absorptance in Fig. 6c:

_1-T-R

A=Tg 3

T and R are the total transmittance and reflectance, respec-
tively, and are measured with a spectrophotometer. The denomi-
nator accounts for the light fraction entering the material, and the
numerator accounts for the total absorbed light. In Fig. 6¢c, the
glass substrate hardly absorbs any light above 360 nm. Therefore,
the absorption from 360 to 600 nm of both thin films (SiN, and
a-Si:H) deposited on the glass substrate must be due to the two
films themselves. Therefore, the passivation layers, although
reducing the surface recombination, could detrimentally impact
the performance of ¢-Si solar cells via unwanted absorption. Note
that the SiN, recipe (SiH4:NH5=30:10), giving a very high refrac-
tive index n, was chosen to best illustrate the capabilities of the
presented method. In practice, the recipe should be optimized to
achieve both low surface recombination and low absorption in the
passivation films.

Furthermore, we verify that there is a-Si:H embedded in the
SiN, film. We performed Raman spectroscopy on the n+ diffused,
SiN, passivated c-Si wafer (SiH4:NH3=30:10), and plotted the
results in Fig. 7. The setup for Raman measurements is the same as
that for PL measurements [4,12], except that a silicon detector and
a 900 grooves/mm grating monochromator were employed
(compared to an InGaAs detector and 150 grooves/mm grating
monochromator for PL measurements). Compared to the spectrum
of the undiffused, uncoated c-Si wafer, besides the c-Si peak at
~520.9 cm~!, there is another peak at ~480cm~' associated
with a-Si:H [53]. These results confirm that the PL peaks between
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850 and 900 nm in Fig. 5a and b are emitted by the a-Si:H clusters
embedded in the SiN, film.

The Raman and PL signals have different emission mechanisms:
the Raman photons are emitted from the excited electrons which
are still bound to their host atoms or molecules, whereas the PL
photons are emitted from the excited carriers which move freely
in the material. Therefore the Raman measurement can be con-
sidered as an independent comparison with the PL measurement,
thus verifying the presence of a certain material detected by the
luminescence technique. Compared with PL, the Raman technique

itself has some advantages. (1) The Raman signal is not affected by
the carrier diffusion since the excited electrons are confined
within their host atoms or molecules, thus increasing the lateral
resolution. (2) The Raman signal from different materials can be
readily resolved at room temperature. (3) One can employ shorter
excitation wavelengths, for example ultra-violet (UV), to probe much
thinner layers of different materials since the detection wavelengths
are close to the excitation wavelengths, while being able to increase
the spatial resolution. Detecting the PL signal in the near-infrared (NIR)
wavelength region, excited by a UV laser using the confocal system,
usually requires special optics which can cover a broad range of
wavelengths (from UV to NIR). These advantages of a micro-Raman
system have been exploited by Heinz et al. [54] to characterize very
thin a-Si:H layers on textured c-Si wafers with a spatial resolution of
~200 nm. However, many microscopic properties of defects and
impurities in silicon are not revealed on the Raman spectra, but are
more easily detected by the micro-PLS technique, such as the energy
levels of iron precipitates [5], oxygen precipitates [2], dislocations [1-
4], localized heavily-doped regions [11,12], or the distribution of
defects and impurities along sub-grain boundaries in multicrystalline
silicon wafers after different solar cell processing steps [55]. Therefore,
the two techniques can complement each other, as exploited by Heinz
et al. [54].

We note that the a-Si:H PL spectra captured from our SiN, films
are different from the commonly reported spectra from SiN films in
the literature [56-60]. The spectra reported in the literature were in
the visible wavelength range and are still present at room tem-
perature, and required lower excitation wavelengths ( <460 nm) to
be observed. On the other hand, our a-Si:H spectra from the SiN,
films are in the infrared wavelength range and completely dis-
appear at room temperature, and these properties are similar to
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those of the spectra from the pure a-Si:H films. They can be sti-
mulated by 532 nm laser excitation with energy below the band-
gap of SiN,.

6. Characterization of SiN, films and diffused layers in com-
plete solar cells

Finally, we demonstrate the application of the techniques pre-
sented above on various finished solar cells. Fig. 8a shows the layouts
of three different n-type c-Si solar cell structures fabricated at ANU,
including the so-called PERL [23], FSF-IBC [24,25], and IBC cells [26].
The notable differences among these three cells are the surface pas-
sivation and diffused layers. The passivation layer on the FSF-IBC cell
was deposited by low-pressure chemical-vapor-deposition (LPCVD)
SisNy, and hence is stoichiometric, whereas the SiN, layers on the IBC
(ANU SiN,) and PERL (ANFF SiN,) cells were deposited by PECVD (see
Table 1). The diffused layers of these cells also have different sheet
resistances. For the FSF-IBC cell, since we still have 40-um gaps
between two metal lines, we were also able to measure at the rear
without interference from the metal layer.

Fig. 8b compares the normalized PL spectra measured on the
front of the three solar cells. Only the PERL cell has the a-Si:H
signal in its PL spectrum, whereas the other two have no signature
of a-Si:H. This indicates parasitic absorption occurring in the SiN,
film of the PERL cell, leading to a lower blue response compared to
the other two cells. Moreover, comparing the shoulders at around
1160 nm in the spectra in Fig. 8b, we can observe that the IBC cell
does not have a front diffused layer underneath the passivation
layer, whereas the FSF-IBC and PERL cells do. In order to compare
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the doping levels among different diffused regions, we captured
the normalized spectra from different diffused regions and plotted
them in Fig. 8c and d for n+ and p+ regions, respectively. Their
sheet resistances are given in the brackets. In Fig. 8c and d, the
lower the sheet resistance, corresponding to a heavier diffusion,
the higher the HDBB peak. Therefore, this technique could be
employed directly on finished solar cells as a nondestructive
contactless characterization tool to study and optimize both the
diffused and passivation layers.

7. Conclusion

Utilizing the different luminescence mechanisms from amor-
phous silicon films and crystalline silicon wafers, we have pre-
sented and explained the combined photoluminescence spectra
from crystalline silicon wafers passivated by thin amorphous sili-
con films, including the dependencies on both the measurement
and preparation conditions. Based on these findings, we have
demonstrated that silicon nitride films can give rise to the amor-
phous silicon luminescence, suggesting the presence of amor-
phous silicon clusters in silicon-rich silicon nitride films. This
luminescence was found to correspond to the onset of unwanted
parasitic absorption of visible light in the nitride layer. Adding the
ability to detect distinct emission from heavily-doped silicon lay-
ers courtesy of band-gap narrowing effects, we have demonstrated
that spectral PL measurements can be useful to evaluate both the
passivating and diffused layers of finished solar cells, with micron-
scale spatial resolution.
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CHAPTER 9

Spectrally-Resolved Micro-Photoluminescence

Excitation Spectroscopy

So far, this thesis has reported various applications of spectrally-resolved
photoluminescence (PLS) in silicon photovoltaics. In these PLS-based techniques, the
entire spectrum from the silicon wafer is captured using a single excitation energy. Due to the
different radiative recombination mechanisms of different structures in a single silicon wafer,
different spectral components of the total spectrum captured have different dependences on the
excitation intensity and the sample temperature. Thus, by varying the sample temperature or the
excitation power, the shapes of the spectra containing various components are changed
remarkably (see Chapters 6, 7, and 8), allowing one to tailor the experimental conditions in
order to observe the signature of a particular component on the spectra (Chapter 7).
Photoluminescence excitation spectroscopy (PLE) is, on the other hand, a method in which

the luminescence intensity from the wafer at certain wavelengths is monitored while the
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excitation energy is varied. In general, if the excitation power is kept constant, the luminescence
intensity from a certain radiative recombination mechanism will be suppressed with reducing
excitation energies. Eventually, once the excitation energy passes a threshold level, the
luminescence will completely disappear. Each radiative recombination mechanism has its own
threshold energy. Therefore, this PLE-based method is also applied to investigate the electronic
and optical properties of materials.

As the complexity of devices increases, there is a requirement of reducing the size of
various structures and stacking different layers together. Therefore, investigating the properties
of these structures is more challenging. However, both lateral and vertical spatial information is
important for understanding and characterizing the devices. In principle, by varying the
excitation energy, the absorption depth of the excitation light in the material is changed, and as
such the fraction of the excitation light absorbed in each layer or structure is also varied. This
phenomenon results in changes in the luminescence intensity of each component on the total
spectrum detected.

This chapter takes advantages of both PLS- and PLE-based techniques to report a new
photoluminescence-based method for characterizing silicon solar cells. In particular, the entire
spectrum from a silicon wafer or solar cell is captured while the excitation energy is varied.
Therefore, the evolution of the luminescence components, emitted from different recombination
centers at different depths below the wafer surface, can be observed. Furthermore, adding the
high spatial resolution of the micro-photoluminescence spectroscopy system, this combined
PLS-PLE technique is proven to be a powerful tool for characterizing materials and devices
both in spectral and spatial (lateral and vertical) dimensions.

The work has been published. However, there are two important points that need to be
clarified in this publication. First, the two luminescence peaks at 1130 nm and ~1160 nm,
denoted as “c-Si” and “HDBB” peaks in the publication, are the band-to-band emission assisted
by a Transverse-Optical (TO) phonon from the Si substrate and the heavily-doped layer,
respectively. Second, the broad wavy features in the TEM image are bending contours due to
the elastic bending of the thin TEM specimen, not thickness fringes.
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Photoluminescence Excitation Spectroscopy of
Diffused Layers on Crystalline Silicon Wafers

Hieu T. Nguyen, Sieu Pheng Phang, Jennifer Wong-Leung, and Daniel Macdonald

Abstract—Photoluminescence (PL) excitation spectroscopy is
applied to observe the evolution of the luminescence spectra from
dopant-diffused crystalline silicon wafers with varying excitation
wavelength. Utilizing the micrometer-scale spatial resolution
achievable with confocal optics in a micro-photoluminescence
spectroscopy system, along with the well-resolved luminescence
peaks at cryogenic temperatures from various defects and struc-
tures in a single-silicon substrate, we are able to examine the doping
densities and junction depths of various boron-diffused wafers, as
well as the distribution of defects induced underneath the wafer
surface by the post-diffusion thermal treatment. Our conclusions
are validated by photoluminescence scans and transmission
electron microscopy applied to vertical cross sections, which
confirm the presence of dislocations below the diffused regions.

Index Terms—Crystalline silicon, diffusion process, excitation
spectroscopy, photoluminescence (PL), photovoltaic cells.

I. INTRODUCTION

HOTOLUMINESCENCE spectroscopy (PLS) is a pow-
P erful technique to assess fundamental properties of crys-
talline silicon (c-Si), such as the temperature [1] and doping
[2], [3] dependences of the band gap, the band-to-band absorp-
tion [4]-[6], radiative recombination [5], [7], [8], and donor—
acceptor pair luminescence [9], [10]. Besides that, PLS-based
methods have also been employed for precise and nondestruc-
tive characterization in silicon photovoltaics (PV), for example,
to extract minority carrier diffusion lengths in c-Si wafers [11],
[12] and bricks [13], to quantify the light-trapping capability of
various plasmonic structures [14], or to examine the impacts of
surface reflectance [15], [16] and different carrier profiles [16]
on photoluminescence (PL) spectra. Recently, utilizing a
micro-PLS (uPLS) system with micrometer-scale spatial
resolution courtesy of confocal optics, spectroscopic proper-
ties of various microscopic defects and structures in c-Si wafers
and solar cells have been studied, such as dislocations [17]—
[19], iron precipitates [20], laser-doped regions [21]-[24], and
locally diffused regions [25].

On the other hand, photoluminescence excitation (PLE)
spectroscopy, in which the luminescence intensity at certain
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wavelengths is monitored with varying excitation wavelengths,
has also been employed to study many fundamental properties
of ¢-Si, such as the optical band gap in degenerate silicon [2],
[26], oxygen-related deep defects in irradiated silicon [27], and
isoelectronic bound excitons in beryllium-doped silicon [28].
Recently, Juhl er al. [29] applied a PLE-type method to capture
the total PL emission from c-Si wafers in imaging mode, under
two different excitation wavelengths, from which they were able
to extract high-resolution images of the absolute absorptance of
solar cell precursors.

In this work, we combine the two PL techniques mentioned
above (PLS and PLE) and capture the entire band-to-band lu-
minescence spectrum, while varying the excitation wavelength,
with the measurements performed at cryogenic temperatures
and with micrometer-scale spatial resolution. This spectrally re-
solved PLE technique is founded on the fact that the radiative
recombination mechanism is generally different for each layer
or defect type in a c-Si wafer, leading to distinct peaks in PL
spectra at cryogenic temperatures. Furthermore, these compo-
nents of the aggregate luminescence spectrum from a wafer
composed of multiple layers are expected to have different de-
pendences on the excitation wavelength, since the fraction of
the excitation light absorbed in each layer varies with excitation
wavelength. Therefore, by varying the excitation wavelengths,
we can probe the layers and defects at different depths below
the wafer surface, providing useful information about the spa-
tial distribution of dopants and defects. First, we demonstrate
this method on boron-diffused c-Si samples with various doping
densities and junction depths. After that, we apply the method
to detect and characterize specific defects induced underneath
the wafer surface by the post-diffusion thermal treatment, high-
lighting some potential applications of the technique for silicon
PV. The results are confirmed by #PLS measurements and trans-
mission electron microscopy (TEM) performed on vertical cross
sections of relevant samples.

II. EXPERIMENTAL DETAILS

The samples studied in Section I1I are float-zone phosphorus-
doped c-Si wafers with a resistivity of 100 £2-cm. They were first
chemically etched in a solution consisting of HF and HNO; to
remove saw damage. After that, they were heavily doped with
boron from a BBr3 gas source between 900 and 1000 °C in a
quartz tube furnace with various drive-in times in a pure oxygen
environment to achieve different doping profiles in the diffused
layers. More details about this diffusion process can be found
in [30].

The samples studied in Sections IV and V are (1 0 0)-
oriented float-zone boron-doped c-Si wafers with a resistivity of

2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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TABLE I
PROCESSING STEPS FOR THE SAMPLES INVESTIGATED IN SECTIONS IV AND V

Sample names

Processes (in sequence) N1 N2 N3 (0] 02 03

1. Boron-diffused at 1050 °C, 60 min Yes Yes Yes Yes Yes Yes
2. BSG layer was removed by diluted HF Yes Yes No Yes Yes No
3. BRL layer was removed by boiling HNO3  Yes  No No Yes No No
4. Annealed at 1090 °C for 5 h Yes, Yes, Yes, Yes, Yes, Yes,
in Nz in NQ in N2 in 02 in 02 in 02
5. Both BSG and BRL layers were removed ~ Yes Yes Yes Yes Yes Yes

“N” indicates the samples annealed in nitrogen and “O” indicates samples annealed in
oxygen.

about 0.3 Q-cm, corresponding to a background doping of
6 x 10'® cm™3. They were first chemically etched in HF/HNO;
to remove saw damage and then went through the thermal dif-
fusion process in a BBr3 gas source at 1050 °C for 60 min. The
resultant borosilicate glass (BSG) and boron-rich layer (BRL)
on the surface were either kept or removed by diluted HF (for
removing the BSG layer) and boiling HNO; (for removing the
BRL layer). After that, these samples were annealed in either
pure nitrogen or oxygen gases at 1090 °C for 5 h. Any residual
BSG and BRL layers were finally removed prior to performing
the PL measurements. Table I summarizes the process steps for
these samples. These process steps are, in general, impractical
for solar cell applications. They are aimed to generate different
types of defects separated at different depths below the wafer
surface, which best illustrate the capabilities of the technique
presented here.

The experimental setup of our u-PLS system is described in
detail elsewhere [31]. A supercontinuum excitation light source
(NKT SuperK Extreme EXR-20) with a tunable wavelength
range between 490 nm and 2 pm was employed. In this work,
excitation wavelengths between 510 and 810 nm were used
with a bandwidth of 10 nm for the chosen wavelengths, and the
on-sample power was kept constant at 6 mW for all excitation
wavelengths. The wavelength selection was achieved using a Su-
perK VARIA attachment allowing the tuning of both the center
wavelength and the bandwidth of the filtered light. The diameter
of the illuminated spot on the samples varied between ~1 pm
(for 510-nm excitation wavelength) and ~2 pm (for §10-nm
excitation wavelength). The spectral response of the entire sys-
tem was determined with a calibrated halogen—tungsten light
source. The measurement temperature was kept at 79 K using a
liquid-nitrogen-cooled cryostat. The cross-sectional specimens
for uPLS measurements were prepared by a conventional me-
chanical polishing technique, whereas the cross-sectional spec-
imens for TEM were prepared by focused ion beam. TEM anal-
ysis was carried out in a Phillips CM300 instrument operated
at 300 keV. The doping profiles of the diffused layers were
measured using the electrochemical capacitance—voltage (ECV)
technique.

III. SPECTRALLY RESOLVED PHOTOLUMINESCENCE
EXCITATION ON DIFFUSED SILICON WAFERS

Fig. 1(a) shows doping profiles of two different boron-
diffused samples measured by ECV. The doping profile of

sample 1 is shallower but higher in concentration, compared
with sample 2. Fig. 1(b) plots the absorption depth versus exci-
tation wavelength in c-Si at 79 K. The data were calculated from
[32] and the effects of heavy doping were neglected. Fig. 1(c)
and (d) shows the evolution of normalized PL spectra of samples
1 and 2, respectively, with increasing excitation wavelengths
from 510 to 810 nm at 79 K. Two distinct peaks can be observed
in each spectrum. The peak located at ~1130 nm is the band-to-
band emission from the underlying c-Si substrate (denoted as
c-Si peak) and was used for normalizing the spectra for different
excitation wavelengths. The second peak at ~1165 nm (sam-
ple 1) and ~1157 nm (sample 2) is the band-to-band emission
attributed to the heavily doped layer near the surface (denoted
as HDBB peak) [24], [25]. Compared with the c-Si peak, this
HDBB peak is shifted to longer wavelengths due to band-gap
narrowing (BGN) effects in heavily doped silicon [2], [3]. At
the shortest excitation wavelength (510 nm), a large fraction of
the laser light is absorbed in the diffused layer near the surface.
Therefore, the HDBB peak is intense compared with the c-Si
peak. However, when the excitation wavelength increases, i.e.,
the absorption depth increases, the laser light is absorbed more
in the silicon substrate but less in the diffused layer. Therefore,
the relative intensity of the HDBB peak is suppressed, compared
with the c-Si peak.

Fig. 2(a) compares the normalized spectra between the two
samples at two excitation wavelengths: 510 and 810 nm. The
first notable feature is the difference in the energy and width
of the HDBB peak between the two samples. The HDBB peak
of sample 1 is lower in energy (i.e., longer wavelength) and
broader compared with that of sample 2, indicating that the
diffused layer of sample 1 is more heavily doped than that
of sample 2. The difference is explained by the illustration in
Fig. 2(b). There are two distinct points for the heavily doped
silicon: 1) the luminescence gap FEg» is smaller than that of the
low-doped silicon Ey; due to BGN effects [2], [3]; and 2) the
Fermi energy level Er is shifted into the valence band Ev; (for p-
type doping), and thus, all energy states between Ey and Evy are
occupied by free holes [26], [33]. Meanwhile, the free holes in
low-doped silicon are very close to the valence band edge due to
rapid carrier thermalization. Thus, the radiative recombination
between the two band edges has a wider energy distribution
in heavily doped silicon compared with lowly doped silicon
[26], [33], [34]. Therefore, the higher the doping density in the
diffused layer, the lower the energy and the broader the width of
the HDBB peak. Note that the nonhomogeneous doping profile
throughout the thickness of the diffused layer also contributes to
the broadening of the HDBB peak, compared with the c-Si peak,
which is emitted from the homogeneously doped substrate.

The second notable feature is the difference in the HDBB peak
intensity between the two samples. The normalized HDBB peak
of sample 1 is reduced more quickly than that of sample 2 when
the laser light penetrates deeper into the substrate. This fea-
ture demonstrates that the junction depth of sample 2 is deeper
than that of sample 1. Therefore, by employing this spectrally
resolved PLE technique, one can qualitatively assess both the
doping level and the junction depth of the heavily doped layers
in c-Si wafers and solar cells. The technique is, in principle, only
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The data were calculated from [32], and the effects of heavy doping were neglected. PL spectra of (c) sample 1 and (d) sample 2, captured at 79 K with
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wavelength at 79 K.

sensitive to active dopants since only active dopants contribute
to the BGN effects, causing the HDBB peak. However, the ab-
sorption depth of the excitation light is expected to be smaller
than the values presented in Fig. 1(b) due to the smaller effective
band gap in heavily doped silicon. In addition, this parameter
varies throughout the thickness of the diffused layer. Hence, we
do not place an emphasis on calculating the exact junction depth
from this technique at the current stage. Note that there is also
a weak shoulder around 1230 nm, which is mostly visible in
sample 2. This is the phonon replica of the HDBB peak.

IV. SPECTRALLY RESOLVED PHOTOLUMINESCENCE
EXCITATION ON DEFECTS INDUCED BY POST-DIFFUSION
THERMAL TREATMENT

In this section, we examine the impact of the post-diffusion
thermal treatment on the formation of defects underneath the
wafer surface, applying the spectrally resolved PLE technique.
Fig. 3(a) plots the doping profiles of the three samples N1, N2,
and N3 (see Table I for a description of these samples). As can
be seen from this figure, sample N3 (retaining both BSG and
BRL layers before annealing) is more heavily doped than the
other two, since the BSG layer acts as a further source of boron
doping, which diffuses into the silicon wafer during annealing at
high temperatures [35]. Fig. 3(b) shows the normalized spectra
from the three samples, excited with the 510-nm wavelength at
79 K. Besides the ¢-Si (from the silicon substrate) and HDBB
(from the heavily doped region) peaks, samples N2 and N3
also show a strong deep-level luminescence peak at ~1300 nm.
However, sample N1 (for which both the BRL and BSG layers
were removed before being annealed) does not show any defect
luminescence, despite having a similar doping profile with sam-
ple N2. The BSG layer was removed by diluted HF, in which
silicon is not dissolved. The BRL layer was removed by oxidiz-
ing the wafers in boiling HNO3 with 20-min intervals and was
considered to be removed completely if the wafer surface was
hydrophobic after HF dip. The boiling HNO3; was demonstrated

Sipeak L L B
C'/' P€aK __ N1 (no BSG, no BRL)

- - -N2 (no BSG, with BRL) |
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(a) Doping profiles of three samples N1, N2, and N3. (b) Comparison of normalized PL spectra among the three samples, excited with the 510-nm

to oxidize less than 5 nm of silicon in 10 min [36], and thus, the
20-min interval oxidation causes no significant changes to the
boron diffusion profiles across all samples. This suggests that
the heavily doped layer itself, annealed at high temperatures,
does not cause the observed deep-level luminescence.

Furthermore, we did not observe any defect luminescence
from the three samples annealed in an oxygen environment
01, 02, and O3. Since the oxidation process converts the BRL
layer into a BSG layer [35], the absence of defect lumines-
cence from these samples suggests that annealing the BSG layer
by itself does not cause deep-level defects inside the silicon
wafers. These findings are consistent with the results reported
by Cousins and Cotter [37] and Kessler et al. [38]. Cousins
and Cotter found that their boron-diffused wafers were heavily
dislocated when driving them in with an inert gas directly af-
ter the diffusion process (thus, the BRL layer was still present)
but found minimal dislocations in the wafers driven in with an
oxygen environment [37]. Kessler et al. reported that a thick
BRL layer caused a bulk lifetime degradation of silicon wafers
during the annealing and cooling process, and this degradation
could be avoided by a drive-in step in oxygen gas to reverse
the BRL formation [38]. Therefore, we propose that annealing
the BRL layer causes a mechanical stress between this layer
and the silicon wafer, creating dislocations that can glide into
the silicon wafer and cause the deep-level luminescence. The
type and origin of the deep-level luminescence, as well as the
presence of dislocations, will be clarified in Section V.

Next, we demonstrate the application of the spectrally re-
solved PLE method on the defects induced by the post-diffusion
thermal treatment mentioned above, giving us useful informa-
tion about the depth distribution of different types of defects
below the wafer surface. Fig. 4(a) and (b) shows the normalized
spectra of samples N2 and N3 with varying excitation wave-
lengths at 79 K. As in Fig. 1(b) and (c), the longer the excitation
wavelengths, the less pronounced the HDBB peak, compared
with the c-Si peak. However, we can also observe a suppres-
sion of the defect peak with increasing excitation wavelengths,
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Fig. 5. PL spectra of (a) sample N2 and (b) sample N3, captured at 79 K with varying excitation wavelengths. The c-Si component was subtracted from

all spectra, and the resultant spectra were normalized to the HDBB peak. The spurious peaks marked by broken-line arrows are harmonic artifacts due to the
not-entirely-suppressed sidebands of the supercontinuum laser. The spectrum at 810-nm excitation wavelength was not shown in (a) since the HDBB peak was not

well resolved after subtracting the c-Si component.

compared with the c-Si peak. Therefore, we conclude that the
observed defect luminescence originates from the region near
the wafer surface. Moreover, a detailed inspection of the defect
luminescence reveals a difference between the two samples.
Sample N2 has only one defect peak located at ~1300 nm,
whereas sample N3 seems to have another weak defect peak at
~1480 nm. Therefore, we denoted the two peaks at ~1300 and
~1480 nm as “defect peak 1”” and “defect peak 2,” respectively,
in Fig. 4(a) and (b).

Furthermore, Fig. 5(a) and (b) plots the spectra, normalized
to the HDBB peak, of samples N2 and N3. The c-Si peak has
been subtracted from all spectra in order to avoid the impact
of this peak on the spectral components from the near surface
region. In Fig. 5(a), the shape of the defect luminescence is very
consistent, and there is only one peak for all excitation wave-
lengths. However, in Fig. 5(b), there are two different defect
peaks at ~1300 and ~ 1480 nm, and their relative intensity is dif-

ferent from each other with increasing excitation wavelengths.
Compared with defect peak 2, defect peak 1 is less pronounced
when the laser light penetrates more deeply into the c-Si sub-
strate. Therefore, these results suggest that although both de-
fects are distributed near the surface region, defect peak 2 is
distributed more deeply into the substrate than defect peak 1.
Note that all spectra presented so far were measured from above
the wafer surface, i.e., this method is nondestructive.

V. VERIFICATION OF DEFECT LUMINESCENCE USING
CROSS-SECTIONAL ptPHOTOLUMINESCENCE SPECTROSCOPY
AND TRANSMISSION ELECTRON MICROSCOPY

Now, we verify the findings regarding the spatial distribu-
tion of defect peaks 1 and 2 mentioned above, using the PL
spectra captured from a vertical cross-sectional slice of the in-
vestigated boron-diffused c-Si wafers. The cross section was
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Fig. 6.
the distance from the original wafer surface on the cross section.

excited with the 810-nm wavelength to allow the laser light
to penetrate deeply into the samples (from the cross-sectional
view), thus reducing the nonradiative recombination caused by
the damaged layer resulting from the mechanical polishing on
the cross-sectional surface. Fig. 6(a) and (b) shows the relative
PL spectra from samples N2 and N3, captured at different dis-
tances from the edge of the cross section (which is the original
sample surface). As can be readily seen from Fig. 6(a), defect
peak 2 is absent from all spectra, whereas the intensity of defect
peak 1 reduces with increasing distances from the edge. How-
ever, in Fig. 6(b), we can observe unambiguously both defect
peaks. The intensity of defect peak 1 reduces quickly, whereas
that of defect peak 2 still remains strong up to a certain distance
from the edge. Meanwhile, no defect luminescence is observed
in the spectra from the samples annealed in an oxygen environ-
ment, as depicted in Fig. 6(c) and (d). The results from these
four figures are consistent with our conclusions above.

In addition, comparing the two defect peaks with the so-
called D lines emitted from dislocations, their spatial distri-
butions are consistent with those of the doublets D3/D4 and
D1/D2, respectively [18], [19], [31], [38]. The doublet D1/D2
was demonstrated to be emitted from the secondary defects
and impurities trapped around dislocation sites, and thus, their
spatial distribution is usually extended over a broader region
around the dislocation sites [18], [19], [31], [38]. Meanwhile,
the doublet D3/D4 was found to reflect the intrinsic properties of
dislocations themselves, since the luminescence was confined to
very near the dislocation sites [18], [19], [31], [39]. Therefore,

1 1 1 1 1
1400 1500

Wavelength (nm)

(d

1 1 1 1
1200 1300

PL spectra on the cross sections of samples (a) N2, (b) N3, (¢) O2, and (d) O3, captured at 79 K with 810-nm excitation wavelength. The lengths indicate

we propose that defect peak 1 represents the doublet D3/D4,
whereas defect peak 2 is expected to be the doublet D1/D2. De-
composing defect peaks 1 and 2 into their individual D lines is
difficult, since these two peaks are emitted from the regions in
which the doping profile is nonuniform, thus broadening the two
peaks due to varying amount of BGN in heavily doped silicon.
However, once the distance from the edge of the cross section is
far enough [e.g., the 15-um curve in Fig. 6(b)], the contribution
from the uniform- and low-doped region dominates the spec-
trum and the position of defect peak 2 is similar to the reported
D1 line [31], [39].

Finally, a TEM two-beam [-1 —1 1] bright-field image of the
(0 1 1) cross section of the boron-diffused silicon wafer N3
is shown in Fig. 7(a) and (b) for low and high magnifications,
respectively. The micrograph in Fig. 7(a) reveals a dislocation
band located about 3 m below the wafer surface. Between this
dislocation band and the surface is a dislocation-free zone. This
distribution of dislocations is similar to the results reported by
Ning [40] and was explained by the movement of dislocations
formed at the wafer surface during the annealing and cool-
ing process. Therefore, the observed deep-level luminescence is
likely to be related to the dislocations.

Since defect peak 2 was not present on samples N1 (annealed
in nitrogen gas) and N2 (annealed in nitrogen gas with the BRL
layer present), this defect peak is not likely to be due to either
nitrogen diffused into the wafers or nitrogen—oxygen complexes
[41]. Another possibility is that this defect peak could originate
from oxygen precipitates, since its energy level is similar to
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surface

Fig. 7. (a) TEM two-beam [-1 —1 1] bright-field image of the (0 1 1) cross
section of the (1 0 0) boron-diffused silicon wafer N3. The [0 1 1] zone-axis
is along the beam direction. The dislocations are marked with the white circles,
and they form a band parallel to the wafer surface. The broad wavy features
are thickness fringes due to the nonuniformity of the thickness of the TEM
specimen. (b) Image with higher magnification of the area marked with “X”
in (a).

the luminescence from oxygen precipitates, reported by Tajima
et al. [18] and Bothe et al. [42]. However, oxygen precipitates
and dislocations often appear together [43] due to the local stress
and strain around the precipitates. In addition, Tajima et al.
[18] reported that oxygen precipitate luminescence was con-
fined around small-angle grain boundaries, which were known
to have high dislocation densities, and the luminescence only
appeared at 100 K or above. Meanwhile, our defect peak 2 can
be observed at 79 K and extends well below the wafer surface
compared with the dislocation band. Therefore, the observed
luminescence peak is unlikely due to oxygen precipitates, al-
though oxygen precipitates could possibly decorate around the
dislocations near the surface.

In fact, defect peak 2 can be compared with the results re-
ported by Charnvanichborikarn et al. [44], [45]. These authors
found a broad PL band beyond 1400 nm from irradiated c-Si
wafers annealed at high temperatures and proposed that this PL
band arose from the localized strain in the early stages of ex-
tended defect formation or interstitial clusters. In addition, in
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Fig. 6(a), there is a shifting toward longer wavelengths of defect
peak 1 with increasing distances from the edge, which is similar
to that of D3 when moving away from the subgrain boundaries
in mc-Si [31]. We note that, although the spectrally resolved
PLE technique was demonstrated here on boron-diffused layers
and dislocations in c-Si wafers, it could, in principle, be applied
for others structures and defects separated at different depths
within a wafer.

VI. CONCLUSION

Combining spectrally resolved PL and PLE spectroscopy
techniques, we have captured full luminescence spectra with
varying excitation wavelengths, allowing us to examine the
properties of different layers and defect types at various depths
inside boron-diffused silicon wafers. We have demonstrated that
this method can be used to qualitatively assess doping concen-
trations and junction depths. In addition, we have applied this
method to detect dislocations induced by the post-diffusion ther-
mal treatment process, giving insightful information about the
spatial distribution of both dislocations and secondary defects
located below the wafer surfaces.
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CHAPTER 10

Investigation of Enhanced Diffusion at Grain

Boundaries in Multicrystalline Silicon Wafers

n this chapter, employing micro-photoluminescence spectroscopy at low temperatures, we
I are able to detect dopant diffusion enhancement along various grain boundaries and sub-
grain boundaries in multicrystalline silicon wafers. We find an enhancement of phosphorus
diffusion not only at all investigated grain boundary types, including 3, X5, 39, X11, X¥27a, and
random large angle grain boundaries, but also at small-angle or sub-grain boundaries. In
addition, the sub-grain boundaries are demonstrated to contain a relatively high density of
defects and impurities, suggesting that their presence does not hinder the preferential diffusion
of dopant atoms along the sub-grain boundaries. The results are validated with secondary
electron dopant contrast images, which confirm the higher dopant concentration along the grain
boundaries and sub-grain boundaries. This manuscript was submitted to IEEE Journal of

Photovoltaics on 31* May 2016 and is under review.
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10.1 Introduction

Homogenous diffused junctions are important for high efficiency multicrystalline silicon
(mc-Si) solar cells. However, the diffusivities of dopant atoms along certain grain boundaries
(GBs) have been reported to be higher than in the intra-grain regions, thus creating deeper p-n
junctions at these GBs [1,2]. This diffusion enhancement has previously been studied
empirically using electron beam induced current (EBIC) [1] and light beam induced current
(LBIC) [3] techniques. However, these techniques require not only contact formation to extract
the induced current, but also an angle-lapping [1] or cross-sectioning [3] of the GBs to expose
the junctions. Furthermore, there has been no experimental assessment of the diffusion
enhancement along so-called small-angle or sub-grain boundaries (sub-GBs). Since sub-GBs
often contain high densities of defects and impurities, they are very recombination active.
Therefore, investigating the diffusion enhancement along the sub-GBs using EBIC and LBIC is
limited because the defects/impurities and diffused dopants have opposing impacts on the
induced current.

Recently, employing a micro photoluminescence spectroscopy (U-PLS) system, we
demonstrated the separation of luminescence peaks from diffused layers and the underlying
silicon substrate at low temperatures [4,5], courtesy of band gap narrowing effects in heavily-
doped silicon [6,7]. Furthermore, by varying the excitation wavelength, the penetration depth of
the laser light inside silicon wafers can be controlled, and thus the depth distributions of
different structures underneath the wafer surface can be assessed qualitatively [8]. In this work,
we apply the technique to study the diffusion enhancement of dopant atoms along large angle
GBs and sub-GBs. First, we demonstrate that the diffusion is enhanced for humerous types of
large angle GBs, rather than only at some specific GBs as reported in the literature [3,9]. After
that, we show that sub-GBs also enhance the dopant diffusion, even though they are decorated
with a high density of defects and impurities. Our conclusions are supported by secondary
electron (SE) images, which confirm the enhanced diffusion along both large angle GBs and
sub-GBs. These results highlight the value of this nondestructive, contactless characterization

technique in silicon photovoltaics.

10.2 Experimental details

The two investigated samples are standard boron-doped p-type mc-Si wafers with a boron
doping of about 9x10% cm™. They were cut from the two consecutive sister wafers from the
same ingot. Both of them were chemically etched in HF/HNOj; solution to remove saw damage
and to achieve polished surfaces, and were then immersed in a defect etchant consisting of

HF/HNOs/acetic acid for 16 hours to delineate the sub-grain boundaries [10,11]. One sample
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was kept in the as-cut state (after the defect etching step). The other sample went through a
POCI; diffusion process at 850 °C for 1 hour, and then annealed in N, gas at 850 °C for another
1 hour. The resultant sheet resistance was measured on a control float-zone p-type wafer, and
was found to be 10.5 Q/o. The diffused sample was then immersed in HF to remove the
phosphosilicate glass.

The setup of the p-PLS system used here is described in detail in Ref. 6. An excitation light
source with a tunable wavelength range from 490 nm to 2 um was employed and focused onto
the sample surface through confocal optics. In this work, a wavelength range of 510 — 810 nm
with a bandwidth of 10 nm was used. Therefore, the on-sample illuminated spot size varied
from 1 pm (for 510-nm excitation wavelength) to ~2 um (for 810-nm excitation wavelength).
The on-sample excitation power was kept constant at 6 mW for all excitation wavelengths. The
spectral response of the entire system was determined with a calibrated halogen-tungsten lamp.
The cross-sectional surfaces for scanning electron microscope (SEM) analysis were prepared
with the focused ion beam (FIB) technique. GB types were determined from electron
backscatter diffraction (EBSD) measurements.

10.3 Enhanced diffusion at large angle GBs

First, we demonstrate that there are more dopant atoms diffused along GBs than within the
intra-grain regions. Figure 10.1a compares the normalized PL spectrum captured at 79K at a
random large angle GB (black curve) with that captured 15 um away from the same GB
(dashed-red curve) of the diffused mc-Si wafer, excited with a 510-nm wavelength source. The
spectrum at the same GB but from the undiffused as-cut wafer is also shown for comparison
(dotted-blue curve). The main peak located at ~1130 nm is the band-to-band (BB) emission
from the underlying Si substrate. The shoulder located at ~1160 nm is the band-to-band
emission from the heavily-doped layer [4], denoted as HDBB peak (Heavily-Doped Band-to-
Band). The HDBB peak captured at the GB is higher than that captured 15 um away, suggesting
that the GB is more heavily doped than the surrounding regions. The peak around 1200 nm in
the spectrum from the as-cut wafer is the phonon-replica of the BB peak, denoted as PRBB
(Phonon-Replica of Band-to-Band).

Figure 10.1b shows an SEM image of the vertical cross-section of the investigated GB. We
can observe clearly the contrast difference between the n+ diffused layer and the p-type
substrate. Compared to the common SEM contrast between n- and p-type Si (brighter for p-type
and darker for n-type), the contrast in Figure 10.1b is inverted (brighter for n+ layer and darker
for p-substrate) since the cross-sectional surface was contaminated with Ga atoms (whose work
function is smaller than that of Si) during the FIB preparation. The mechanism of this contrast

inversion was explained in detail in Ref. 12. The contrast profile scan in Figure 10.1¢c shows
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that, at the line scan position (about 1 um below the surface) there are still considerable
phosphorus atoms at the GB, i.e. the p-n junction extends much more deeply into the substrate
at the GB than in the adjacent regions.

Moreover, Figure 10.2 (a-d) compares the absolute PL spectra captured at the GB with
those captured 15 um away from it for the diffused mc-Si wafer, with different excitation
wavelengths at 79 K. In Figure 10.2a, the HDBB intensity is clearly higher at the GB than 15
um away from it, although the BB intensity is the same. When the excitation wavelength
increases (Figures 10.2b-d), both the BB peaks increase significantly in magnitude, as the
impact of the surface recombination in the diffused layer is reduced and a larger fraction of the
excitation light is absorbed in the bulk. The difference between the two HDBB shoulders is also
reduced, consistent with the reduced absorption in the heavily-doped layer. Note that, in the
spectrum from the as-cut wafer at 79 K (dotted-blue line in Figure 10.1a), the PL intensity
around 1160 nm is only about 6% of the BB intensity. Therefore, the difference between the
two HDBB peaks in Figure 10.2 is not due to the small difference between the two BB peaks.
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Figure 10.1: (a) Normalized PL spectra at a random large angle GB (black line) and
15 microns (dashed-red line) away from it of the diffused mc-Si wafer, excited with a
510-nm source at 79 K. The grain misorientation is 53.40 around the [0 1 1] axis.
The spectrum at the same GB from the as-cut mc-Si wafer (dotted-blue line) is also
included for comparison. (b) Vertical cross-sectional SEM image of the investigated
GB of the diffused mc-Si wafer. (c) SE contrast profile of the line scan marked with
the white line in Figure 10.1b.

We captured the spectra from numerous large angle GBs including X3, X5, X9, ¥11, X27a,
and random angle GBs, and always found an enhanced diffusion along these GBs. The results
are in contrast with the findings reported in Ref. 3, in which the diffusion was shown to be
enhanced along X3 GBs, but no enhanced diffusion was observed along ¥27a and random large
angle GBs. Therefore, a detailed study on the diffusion mechanism of dopant atoms along

different types of GBs under various conditions is required to clarify these uncertainties, and
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this contactless and non-destructive PLS-based method could be a powerful tool to study this

diffusion mechanism without complex sample preparation.
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Figure 10.2: Comparison of absolute PL spectra at a random large angle GB (black
line) and 15 microns (dashed-red line) away from it for the diffused mc-Si wafer,
excited with different excitation wavelengths at 79 K. The spurious peak marked by
the broken arrow in Figure 10.2b is an artifact from the laser. Its center wavelength

is always twice of the excitation wavelength.

10.4 Enhanced diffusion at sub-GBs

Now, we investigate the distribution of dopant atoms around sub-GBs in mc-Si wafers after

the phosphorus diffusion step. Sub-GBs contain a high density of dislocations due to the high
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thermal stress and strain during the ingot growing and cooling. Also, they are often decorated
with secondary defects and impurities trapped by the dislocation networks. The dislocations
themselves are known to emit two distinct deep-level PL peaks (the so-called D3 and D4 lines),
whereas the surrounding secondary defects and impurities emit another two deep-level peaks
(D1 and D2 lines) [13-16]. First, we examine sub-GBs at which the density of decorating
defects and impurities is high. A typical PL spectrum at this kind of sub-GBs from the as-cut
mc-Si wafer is given in Figure 10.3a (dotted-blue curve). Besides the D3 and D4 peaks emitted
from dislocations, the sub-GB also emits the D1 and D2 peaks due to decorating defects and
impurities.  Figures 10.3a and 10.3b compare the normalized and absolute PL spectra,
respectively, of the diffused mc-Si wafer at 79 K, captured at the same sub-GB (black line) and
the intra-grain region (dashed-red line). The intensity (both in normalized and absolute scales)
of the HDBB peak at the sub-GB is higher than that at the intra-grain region, although the
absolute BB intensity at the sub-GB is lower than that at the intra-grain region. The results
suggest that there are more active dopant atoms along the sub-GB than the intra-grain regions.
The dopant atoms are still preferentially diffused into the sub-GB even though there is a high
density of defects and impurities around it. We note that although the D4 luminescence peak
does partly overlap with the HDBB shoulder, making the comparison with the spectra measured
away from the sub-GB more difficult, in this case the magnitude of the D4 luminescence is
small enough to still conclude that there is an increased dopant concentration at the sub-GB. To
fortify this conclusion, an SEM dopant contrast image was captured on a vertical cross-section
of this sub-GB of the diffused wafer and is displayed as an insert in Figure 10.3b. The p-n
junction clearly extends more deeply into the substrate at the sub-GB than the surrounding
regions.

In addition, Figures 10.3c and 10.3d (a zoom-in of Figure 10.3c) show the evolution of
normalized PL spectra with increasing excitation wavelengths, captured at the sub-GB of the
diffused wafer at 79 K. In Figure 10.3c, the longer the excitation wavelength, the higher the
intensities of the D lines. The results confirm that the defects (both intrinsic dislocations and
secondary defects) and impurities are distributed deeply across the wafer thickness, rather than
being limited to the near-surface region. In contrast, in Figure 10.3d, the shoulder around 1160
nm, attributed to the HDBB peak, is reduced significantly with increasing excitation
wavelengths. This is because the HDBB peak is emitted from the diffused layer located near the

surface.
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Figure 10.3: (a) Normalized and (b) absolute PL spectra at the sub-GB (black line)
and the intra-grain region (dashed-red line) of the diffused mc-Si wafer, excited with
a 510-nm source. The spectrum at the same sub-GB from the as-cut mc-Si wafer
(dotted-blue line) is also included for comparison. The insert in Figure 10.3b is a
vertical cross-sectional SEM image of this sub-GB of the diffused mc-Si wafer. (c)
Normalized PL spectra at the sub-GB of the diffused mc-Si wafer with different
excitation wavelengths. (d) A zoom-in between 1120 and 1180 nm of Figure 10.3c.
All measurements were done at 79 K. The normalized spectra were normalized to the
band-to-band peak. The spurious peaks marked by broken arrows in Figure 10.3c

are artifacts from the laser light.

Furthermore, we continue investigating sub-GBs which contain dislocations but a relatively
low density of secondary defects and impurities, and thus emit strong D3 and D4 but minimal
D1 and D2 lines [15]. Figures 10.4a and 10.4b compare the normalized PL spectra captured at a
sub-GB (black curve) and 15 pum away from it (dashed-red curve) of the diffused mc-Si wafer at
79 and 300 K, respectively. The spectra at the same sub-GB but from the as-cut wafer are also
presented for comparison. In Figure 10.4a, due to the intense D4 line, it is not possible to
observe the HDBB shoulder at low temperatures. However, since the D3 and D4 lines display a
strong thermal quenching rate [17], at room temperature these two lines are quenched
significantly and the contribution of the HDBB peak into the total spectra is more obvious, as

depicted in Figure 10.4b. As can be clearly seen from Figure 10.4b, around 1170 nm, the
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spectra from the as-cut wafer at and away from the sub-GB are not affected by the deep-level
peaks. Nevertheless, the shoulder around 1170 nm (due to the HDBB peak) of the spectrum
captured at the sub-GB (of the diffused wafer) is still broader than that captured at the intra-
grain region. The results suggest that more dopants have diffused into this sub-GB than the
surrounding regions. Note that, the carrier profile and surface reflectivity have a negligible
impact on the PL spectral shape at the long wavelength side since reabsorption of the generated

photons is negligible at these wavelengths, as demonstrated in Ref. 18.
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Figure 10.4: Normalized PL spectra at another sub-GB (black line) and 15 microns
(dashed-red line) away from it of the diffused mc-Si wafer at (a) 79 K and (b) 300 K,
excited with the 510-nm wavelength. The spectra at the same sub-GB (dotted-blue
lines) and the intra-grain region (dashed-dotted black line) from the as-cut mc-Si
wafer were also included for comparisons. The dashed-vertical line in Figure 10.4b
is the location from which the intensity mapping in Figure 10.5b is extracted. The

normalized spectra were normalized to the band-to-band peak.

Finally, Figures 10.5a shows a mapping of the total absolute PL intensity integrated
between 1000 and 1250 nm (the impact of the deep-level peaks is minimal in this range),
whereas Figure 10.5b shows a mapping of the normalized PL intensity at 1170 nm, at room
temperature around a sub-GB of the diffused mc-Si wafer. The dark line in Figure 10.5a
indicates an increased recombination activity along the sub-GB due to the defects and
impurities, whereas the bright line in Figure 10.5b indicates more dopant atoms diffused along

this sub-GB since the broader long-wavelength shoulder is caused by the HDBB peak (see
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Figure 10.4b). The results from these two images confirm that, although the recombination
activity is increased along the sub-GBs, more dopant atoms are also diffused into the sub-GBs.
This conclusion is more difficult to make based on EBIC or LBIC measurements since the total
induced current is determined by both the defect/impurity and dopant concentrations. The

defects and impurities reduce the current whereas the dopants act to increase it.
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Figure 10.5: (a) Mapping of integrated PL intensity around a sub-GB of the diffused
mc-Si wafer at 300 K. The intensity is the sum of the PL signal from 1000 to 1250
nm. (b) Mapping of normalized PL intensity at 1170-nm wavelength of the same area
as Figure 10.5a at 300 K. The scanning step sizes are 0.5 um in both x and y

directions. The excitation wavelength is 532 nm.

10.5 Summary

In conclusion, applying micro-photoluminescence spectroscopy techniques, we have
detected dopant diffusion enhancement along grain boundaries and sub-grain boundaries in
multicrystalline silicon wafers. We have demonstrated that this enhancement occurs at
numerous types of grain boundaries, rather than only at some specific grain boundaries. In
addition, we have shown that the presence of defects and impurities around sub-grain
boundaries does not hinder the preferential diffusion of dopant atoms. These findings help

demonstrate the value of such spectrally-resolved PL techniques in silicon photovoltaics.
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CHAPTER 11

Composition of Luminescence Spectra from
Heavily-Doped p-Type Silicon under Low and
High Excitation

n this chapter, we present a systematic investigation of the effects of doping on the
I luminescence spectra from p-type crystalline silicon wafers. First, we explain the difference
in the approaches between the line shape analysis and the generalized Planck’s law in modeling
the spectral shape, and connect the two methods together. After that, we elucidate the separate
impacts of individual phenomena including band gap narrowing, band tails and dopant bands,
Fermi level shifting, and hot carriers on the luminescence spectra in heavily-doped silicon.
Finally, employing appropriate excitation levels, we can unambiguously observe the growing of
the band tails and the broadening of the dopant band, as well as the merging of the valence and
dopant bands together, on measured luminescence spectra. This manuscript has been accepted

by Journal of Luminescence on 17" August 2016, and published online on 17" September 2016.
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11.1 Introduction

Due to rich features contained in photoluminescence (PL) spectra from crystalline silicon
(c-Si) wafers, photoluminescence spectroscopy (PLS) has been employed to study many
fundamental properties of c-Si, such as the band gap at different temperatures [1] and doping
levels [2,3], absorption coefficients [4-7], doping concentrations [8], or radiative recombination
rates [6,9,10]. Recently, with the advent of micro-PLS tools equipped with confocal optics, it is
feasible to pinpoint to micron-scale features in c-Si wafers and solar cells to study the
luminescence properties of the material and defects [11-15], or to characterize devices [16-19].
Recently, we have employed micro-PLS to qualitatively assess doping levels of localized
heavily-doped regions in c-Si wafers and solar cells [20,21], since these regions emit a distinct
luminescence peak courtesy of the band-gap narrowing effects in heavily-doped silicon at
temperatures around 80 K [2,3]. In principle, such distinct peaks could allow quantitative
micron-scale PL methods for measuring doping concentrations and junction depths. However,
the detailed analysis of such spectra is complicated by the fact that there are numerous physical
phenomena occurring in parallel inside the heavily-doped c-Si, rather than just a simple
narrowing of the band gap caused by a single effect. These phenomena can be understood by a
systematic investigation of the PL spectra.

When the doping density increases, there are at least four phenomena occurring
simultaneously which impact PL spectra from c-Si. Firstly, the conduction band and valance
band rigidly shift towards one another, causing a reduction in the band gap. Secondly, the two
band edges are perturbed and band tails are formed, yielding not only an effectively-smaller
band gap but also a wider distribution of free carriers at the two band edges [22-25]. Thirdly,
the dopant band, located slightly above the valence band (for p-type silicon), broadens due to an
increasing interaction among the dopant atoms. When the doping density approaches the Mott
transition (~3x10'® cm™), this dopant band slowly overlaps the valence band tail, and eventually
the two bands (dopant and valence) merge together at a doping density higher than the Mott
transition, forming a deeper and continuous band tail [24,26]. Fourthly, the Fermi level shifts
towards the valence band (for p-type silicon) and eventually moves into the valence band (i.e.
the semiconductor becomes degenerate) at a doping density much higher than the Mott
transition [27]. However, although changes in luminescence spectra at heavy doping reflect
complex combinations of these four phenomena, the PL spectra are often characterized by two
simple properties of the spectra: the energy shift of the peak, and the broadening of the width
[28-30]; and thus the individual effects of each phenomenon are confounded.

In addition, although Schmid et al. [29] and Wagner [2] reported the PL spectra at different
doping densities for p+ silicon, the effects of the band tails and dopant band, as well as their
evolutions with doping densities, could not be observed in the spectra from these works. These

features were either masked by the deep-level emission at low excitation levels due to
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unintended impurities [29], or smeared out due to the broadening of the band-to-band spectra
and the relative suppression of the dopant peak under high excitation levels [2,29]. Therefore,
there is still a lack of empirical luminescence data, in which the effects of these phenomena are
unambiguously revealed. Furthermore, although the so-called line shape analysis is commonly
used to study the properties of luminescence spectra at different doping densities [2,3,30,31],
the formula describing the spectral shape in this method is very different from that of the
generalized Planck’s law [32,33], which has also been widely used to model the PL spectra [4-
7,9,34,35].

In this study, we present a systematic experimental and modeling study to give a more
insightful understanding of the PL spectra at both low and high excitation levels, obtained from
heavily-doped p-type c-Si wafers. When the dopant and valence bands have not merged
together, the use of a low excitation level (in this case around 4 W/cm?) helps avoid the
overlapping of the dopant and band-to-band luminescence peaks. Once the two bands merge
into one, the use of a high excitation level (250 kW/cm?) can suppress the influence of
unintentional impurities on the PL spectra, which are evident in the low excitation spectra.
First, we resolve the differences in the formulas between the line shape analysis and the
generalized Planck’s law, and connect the two methods together. We then elucidate the separate
impacts of individual parameters, including the band gap, Fermi level, hot carriers, and band
tails on the PL spectra from heavily-doped p-type c-Si wafers using both modeling and
empirical results. Finally, we show the impacts of the band tails as well as the dopant band on
the PL spectra, and clarify the difference in the spectra between the high excitation (HE) and
low excitation (LE) measurements. These understandings of the luminescence spectra in
heavily-doped c-Si, at both low and high excitation levels, are likely to aid the further
development of powerful new techniques for silicon photovoltaics based on spectral

luminescence.

11.2 Experimental details

The samples investigated are float-zone boron-doped crystalline silicon (c-Si) wafers
having different doping concentrations from 5.7x10™ to 1.1x10% ¢cm™. Their doping densities
were measured using the electrochemical capacitance—voltage (ECV) technique. In preparation
for PL measurements, the wafers were chemically etched in an HF/HNOj solution to remove
residual saw damage. After that, they were passivated with an 18-nm layer of Al,O; deposited
on both surfaces by plasma assisted atomic layer deposition (PA-ALD). They were then
annealed at 450 °C in forming gas consisting of argon and hydrogen for thirty minutes to
activate the surface passivation [36]. The presence of the surface passivation layers increases
the excess carrier density under illumination, leading to a stronger PL signal, even for the high

excitation cases.
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The experimental setups of our low excitation (LE) and high excitation (HE) systems are
described in detail in Ref. 7 and Ref. 14, respectively. Both systems utilize an excitation
wavelength of 785 nm in this work. In the LE experiments, the on-sample laser spot size, on-
sample excitation power, and spectral resolution are 2.2 mm in diameter, 150 mwW
(corresponding to an excitation intensity of ~4 W/cm?), and 5 nm, respectively. These
parameters in the HE experiments, in which the laser is coupled through a confocal microscope,
are 1.7 um in diameter, 6 mW (corresponding to an excitation intensity of ~250 kW/cm?), and
0.25 nm, respectively. The injection level is estimated to be in the range of 1x10' and 1x10*®
cm® in the LE and HE experiments, respectively. The spectral responses of both systems were
determined with the same calibrated tungsten-halogen light source. The sample temperature was
controlled by a liquid-nitrogen-cooled cryostat.

11.3 Connections between line shape formula and generalized

Planck’s law

The so-called line shape analysis has been used to describe the band-to-band luminescence
spectra from a semiconductor by many authors [2,3,30,31]. In n-type semiconductors, the line

shape formula is given by:
[ 1.(E.)D.(E.)f,(E,)D, (E, E, (0
0

where f,, D, and E. (fi,, Dy, and Ey,), respectively, are the distribution function, density of states
DOS, and energy above the conduction band edge E¢ (below the valence band edge Ey) of free
electrons (holes).

There are several assumptions which need to be noted in this approach. First, the above
formula only describes the ability of the material to generate photons. The emitted photon flux
also depends on the capability of the surrounding environment to accept these generated
photons (i.e. c-Si in this study). This capability is described by the energy distribution of
photons, which is a product of the distribution function (f;) and DOS (D,) of photons, and is
given by [37]:

(10}, 1)« ~(10f xom( 12 | @
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where 7iw and KT are the energy of emitted photons and thermal energy, respectively. Therefore,
the spectral shape from n-type semiconductors (without illumination) should be determined by

the following relationship:

| (hew) oc T f.(E,)D,(E.)f,(E,)D,(E, )olEe}{(hw)2 xexp(— h—wﬂ . 3)

5 KT

However, under illumination, the Fermi level Eg is split into two separate levels
Erc=Er+4Erc and Egp=Er4Egr, for electrons and holes, respectively. Therefore, the
distribution functions of electrons and holes under illumination (feium and fiwm) Should be

written as:

1

Ee - (EF + AEFC )j
kT

1

(EF _AEFV)_ Eh) .
1
+exp[ KT

fe,illum(Ee): and fh,iuum(Eh):

1+exp(

In non-degenerate semiconductors, under low excitation levels in which the quasi-Fermi
levels are far enough from the band edges, i.e. Ec-(Ert4Erc) and (Er-4Ery)-E; are several

times larger than KT, we can rewrite fgjum and fi jnum as:

AE AE
fe,iuum(Ee)z fe(Ee)X eXp( k'lljc j and fh,illum(Eh ) ~ fh(Eh)>< EXp (k—'FVJ .

Therefore Eq. (3) should become:

(o) o [j £ (E)D,(E)f(E, )Dh(Eh)dEe} } {(hw)z } exp(— ho (A + A, )ﬂ |

KT
(4)

Eq. (4) is of similar form to the generalized Planck’s law for non-degenerate
semiconductors [32,33]. The first square bracket in Eq. (4) is, in principle, related to the band-
to-band absorption coefficient, which is solely determined by the distribution functions and
DOS of electrons and holes in the material. Some studies did not consider the energy
distribution of photons f,xD,, and did not account for the separation of the Fermi level under
illumination, and as such their line shape formulas were different from the generalized Planck’s
law [2,3,30,31]. This difference has been noticed by Daub and Wurfel [5].

However, at low temperatures, there is negligible reabsorption of the generated photons,
and thus the carrier distributions do not affect the spectral shape and we can neglect the term
AEec+AERy in Eq. (4). Also, when the silicon wafers become degenerate, the excitation levels

have little impact on the band-to-band PL spectral shapes, as empirically verified in Section
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11.5 (see Figures 11.6e and 11.6f). Therefore, in principle, we can use Eg. (3) to describe the
spectral shape of the band-to-band luminescence from both non-degenerate and degenerate
silicon at low temperatures. For p-type silicon in this study, we simply swap the roles of
electrons and holes in Eq. (3) together, and thus the Fermi level Er will be negative if it is

higher than the valence band edge Ey, and positive if it moves into the valence band.

11.4 Effects of different parameters on the band-to-band PL spectra

In this section, we elucidate the separate impacts of individual parameters, including the
band gap, Fermi level, and band tails on the band-to-band PL spectra from heavily-doped
silicon wafers. At relatively low doping densities, for which the dopant band has a negligible
impact on the PL spectra, and the DOS in both conduction and valence bands is still a parabolic
function, the spectral shape at 79 K from silicon can be determined by Eq. (3). In addition, from

Figure 11.1, we also have the relationship:
ho+E,=E,+E, +Eg, ®)

where Ep and Eg are the phonon energy and silicon band gap, respectively. ‘+/-> denotes the

emission/absorption of phonons.

E = \
‘ hotE;
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© =E,+E +E;
E.. under illumination
AE

S N -/- - - E, no illumination

.|
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Figure 11.1: Illustration of the energy relationship among emitted photons hw,
phonons Ep (“+’ denotes a phonon emission event, whereas ‘-’ denotes a phonon
absorption event), free holes E;, and free electrons E. in p-type silicon under

illumination. See the text for descriptions of the symbols.

Figure 11.2a compares the modeled spectrum including three components - Transverse-
Acoustic (TA) phonons, Transverse-Optical (TO) phonons, and both TO and zone-center
optical (O") phonons - with the measured LE spectrum from a lightly-doped c-Si wafer having a
doping density N, of 5.7x10% cm™ at 79 K. The general shape of the modeled spectrum, in
particular the TO component, follows the empirical spectrum closely, except for a mismatch
around 1.07 eV. The peak around 1.07 eV occurs due to free carriers recombining through

neutral dopant atoms, and was reported and denoted as B,°by Dean et al. [38]. However, in
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Figure 11.2b, the high energy side of the HE spectrum remarkably deviates from the modeling
although their low energy sides match very well. The difference can be explained by the
incomplete thermalization of hot carriers in the HE measurements. Under very high injection
levels, more free carriers are distributed further from the band edges, and the energy distribution
of the luminescence is broadened [26]. Meanwhile, this incomplete thermalization of free
carriers does not change the band gap, and thus the lower energy side of the PL spectrum does

not change.
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Figure 11.2: Comparison between measured and modeled (band-to-band, without
broadening effects) PL spectra at 79 K under (a) LE and (b) HE levels.
Na = 5.7x10"° cm*

Near the Mott transition, there is a significant overlap between the dopant and the TO
components, and thus Eqg. (3) does not reproduce the spectral shape well any more. When the
doping density increases further, the dopant band merges with the valence band and Eqg. (3)
becomes valid again. However, since a new deep and continuous band tail is formed due to the
merging of the two bands, the spectrum is broadened significantly which is not accounted for in
Eg. (3). To account for the band tails, the merging of dopant band, and the incomplete
ionization of free carriers, a broadening term Es is introduced into Eq. (3) via the relationship
[2,3,30]:

| (ha)) oc

Oy 8

Broadening

1 2

| (7o' exp —M d(na), ®)
ES

In fact, the broadening model employed in Eq. (6) is a simple way to account for the band

tailing effects. Above the Mott transition, the DOS in the valence band is no longer a parabolic

function, but has a complex structure due to the combination of the dopant band and valence
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band tail [24]. However, we found that Egs. (3) and (6) are sufficient to qualitatively explain the
effects of the band gap, Fermi level, and band tails on our measured PL spectra, as discussed

below.
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Figure 11.3: Modeling of individual effects of Eg, Ef, and Es on band-to-band PL
spectra at 79 K.

Now, we investigate the separate effects of individual parameters (Eg, Er, and Es) on the PL
spectra when the doping density increases. Figures 11.3a-c plot the modeled PL spectra when
one parameter is changed while the other two are kept the same. In Figure 11.3a, the narrowing
of Eg only shifts the spectra towards lower energies without altering their shapes. In Figure
11.3b, Er does not affect the spectral shape until it reaches Ey and moves beyond Ey. The
increasing Er (when situated in the valence band) not only shifts the spectra to higher energies,
but also broadens all their components due to the band filling effects. Nevertheless, the low
energy thresholds of all components (marked by broken arrows in Figure 11.3b) are still the
same since the Eg shifting does not change the band edge positions. In Figure 11.3c, the
broadening factor Es simply broadens the spectra, causing different components to overlap
together. As a result, Eg and Er have opposing effects on the spectra peak location, whereas E¢

and Es have similar effects on the broadening width of the PL spectra.
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Based on the modeling results above, one would expect that, in degenerate p-type silicon
(i.e. when Er moves into the valence band), there is more than one single combination of {Eg,
Er, Es} giving a good fit with the measured spectra. Indeed, Figure 11.4 compares the HE
spectra to the modeled PL spectra with various combinations of {Eg, Er, Es}. The fitted spectra,
excluding the broadening parameter Es, are also included for comparisons. The results from
Figures 11.4a and 11.4b clearly show that the choice of {Eg, Er, Es} is arbitrary due to the
complementary effects of these parameters together. These results are consistent with the results
reported by Daub and Wurfel [5]. By comparing the absorption curves between heavily-doped
and lightly-doped silicon wafers, these authors found various amounts of apparent band-gap
narrowing in the heavily-doped silicon wafers, depending on which energy range they chose to
compare. Note that, the excitation level has little impact on the band-to-band spectral shape in

degenerate silicon, as demonstrated in Section 11.5.
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Figure 11.4: Measured (under HE levels) and modeled (band-to-band) PL spectra
for different combinations of Eg, Er, and Es at 79 K in a degenerate silicon wafer.

Ny= 2.7x10% cm™®

However, although determining the exact values of Eg and Er in degenerate silicon using
Egs. (3) and (6) has a large uncertainty, the modeling is still useful to explain the properties of
the PL spectra at high doping densities. Combining the effects of Eg and Eg, one would expect
that the shifting of the spectrum peak location is smaller than the amount of band-gap narrowing
in heavily-doped silicon. In addition, the spectral width should be broadened more quickly
when the doping level is above the Mott transition than below the Mott transition, since both E¢

and the band tails contribute to the broadening in the former case, whereas only the band tails
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contribute to the broadening in the latter case. In order to fortify these predictions, we plot the
HE spectra with increasing doping densities at 79 K in Figure 11.5. When the doping density
increases from 1.4x10™ cm™ to 1.1x10%° cm™, the spectrum peak energy is reduced only about
10 meV, whereas the amount of band-gap narrowing was reported to be between 40 — 60 meV
by different authors [39-41]. In addition, the full-width at half-maximum (FWHM) of the
spectra increases 24 meV when the doping density increases from 1.4x10" cm™® (FWHM = 42
meV) to 1.1x10%® cm® (FWHM = 66 meV), but increases only 12 meV from 5.7x10' cm?
(FWHM = 27 meV) to 1.2x10" cm™® (FWHM = 39 meV).
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Figure 11.5: Evolution of measured PL spectra with doping density, under HE level
at 79 K.

11.5 Evolution of PL spectra with doping densities under low and

high excitations

In this section, we examine the evolution of the PL spectra with increasing doping densities,
and elucidate the difference in the spectra between the LE and HE measurements. Figure 11.6
shows the normalized PL spectra, under LE and HE levels at 79 K, at different doping densities.
At LE level, in Figure 11.6a we can observe unambiguously four peaks. Respectively, the three
peaks located at 1.14, 1.1, and 1.04 eV are the band-to-band luminescence assisted by the
emissions of Transverse-Acoustic (TA) phonons, Transverse-Optical (TO) phonons, and both
TO and zone-center optical (OT) phonons [2,38]. The peak located at ~1.07 eV is attributed to
the free carriers recombining through neutral dopant atoms [4,38,42]. When the dopant density
increases, both the dopant (1.07 eV) and main TO (1.1 eV) peaks broaden due to the broadening
of the dopant band and the extension of the band tails, and the dopant peak also becomes more
and more pronounced (Figures 11.6b-d). Above the Mott transition (Figures 11.6e and 11.6f),
the dopant and original TO peaks merge together and form a new TO peak due to the merging

of the dopant and valence bands. Nevertheless, the new main peak still continues broadening
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and moves towards lower energies with increasing doping densities. Note that, in Figure 11.6b,
there is another small shoulder marked by a broken arrow at ~1.09 eV. This shoulder was

reported and denoted as B™ by Dean et al. [38] at lower temperatures, and was attributed to the

recombination of excitons bound to the neutral dopant atoms.
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Figure 11.6: Comparison of normalized measured PL spectra between LE and HE
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Below the Mott transition (Figures 11.6a-d), the spectra captured under the HE level are
significantly different from those captured under the LE level. Compared to the LE spectra, the
TO component of the HE spectra is broader, and their dopant peak is less pronounced. The
broader TO peak of the HE spectra is due to the much higher excess carrier density in the band
edges, widening the energy distribution of the free carriers [26]. Meanwhile, the compression of
the dopant component in the HE spectra, compared to the TO component, can be explained by
the weaker dependence on the excitation intensity of the dopant peak. Since the dopant band is
located inside the forbidden gap, it can be considered as a defect band. Therefore, this dopant
peak does not increase with the excitation level as quickly as the TO peak [19]. However, when
the valence and dopant bands merge together, the main TO peaks of the spectra between the LE
and HE measurements are similar (Figures 11.6e and 11.6f). Here, we did not try to model the
PL spectra because, near the Mott transition, the band-to-band spectrum is significantly affected
by the dopant peak (Figures 11.6b-d), and as such the band-to-band spectral shape cannot be
reproduced well using Eqg. (3). When silicon becomes degenerate (Figures 11.6e and 11.6f), as
discussed in Section 11.4, there is no unique solution of {Eg, Er, Es} to describe the band-to-
band spectral shape.

Surprisingly, there is another very broad peak located at ~1 eV on the LE spectra in Figures
11.6c-f. This peak is not present in Figure 11.6b (boron concentration N = 3.4x10* cm™), but
then appears in Figure 11.6c (N, = 6x10"" cm™®) even though the doping density increases only
slightly. Therefore, this broad peak is unlikely to be related to the boron dopants themselves. In
addition, since the shape and intensity of this peak are consistent among different locations
within the same wafer, it cannot be due to extended defects such as dislocations or
oxygen/metal precipitates. Therefore, it is likely to be related to impurities introduced
unintentionally but homogeneously in the wafers. Therefore, we denoted it as “impurity” peak
in Figures 11.6¢c-f. However, this “impurity” peak completely disappears in all HE spectra. In
order to verify that this “impurity” peak is not an artifact from the LE measurements, we
performed the HE measurements on the c-Si wafer having N, = 1.2x10'® cm™ with different
excitation intensities. When the excitation intensity is reduced more than one order of
magnitude, we start observing the “impurity” peak on the normalized spectra (Figure 11.7). The
results demonstrate that the “impurity” peak is, in fact, still present on the HE spectra, but is
masked by the strong luminescence signals from both the dopant band and the two band edges.
Furthermore, Figure 11.8 continues by showing the evolution of PL spectra of this silicon wafer
(N4 = 1.2x10" cm™®) when the temperature increases. The “impurity” peak is completely
suppressed at 150 K whereas the dopant peak is still present, although the intensity of the

former is stronger than the latter at 79 K.
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In fact, the properties of this “impurity” peak are similar to the findings reported by Parsons
[31] and Schmid et al. [29]. These authors found a deep-level luminescence peak which was
present in their lightly-excited heavily-doped silicon wafers at low temperatures, but
disappeared at either higher temperatures or high excitation levels. They attributed this deep-
level peak to the recombination of the majority carriers in the dopant band with the minority
carriers, trapped by the compensating impurities introduced unintentionally into the wafers
during the ingot growth. Employing the HE system, we can avoid the influence of this
unexpected peak on the luminescence spectra.

Next, we examine the impacts of temperatures on the PL spectra of the heavily-doped
silicon wafers. The LE (Figures 11.9a and 11.9b) and HE (Figure 11.9c) spectra show a
remarkably different trend from each other. In Figure 11.9a, the band-to-band PL intensity
increases with temperatures, contradicting the thermal quenching property of the luminescence
from c-Si [6]. At low temperatures and low excitation levels, excess carriers are trapped at the
impurity centers, and thus the band-to-band luminescence is suppressed. However, when the
temperature increases, the impurity luminescence is quenched as the trapped carriers are
thermally excited back to their corresponding band edges. Therefore, the excess carriers in the
band edges effectively increase, leading to the increment of the band-to-band PL intensity. This
increment is more than the expected thermal quenching rate of the band-to-band luminescence
up to a certain temperature. However, when the temperature is high enough (400 K in this case),
the thermal quenching becomes more dominant again, causing a reduction in the PL intensity as
depicted in Figure 11.9b.
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In the HE measurements (Figure 11.5¢), since the impurity luminescence has little impact
on the total spectra, the PL signal displays the expected thermal quenching property due to the
known temperature dependence of the radiative recombination coefficient [10]. However, one
can observe two distinct trends in the peak location of the spectra. The peak energy increases
when the temperature increases from 79 to 120 K, contradicting the expected temperature-
induced band-gap narrowing in c-Si [1]. Nevertheless, with further increasing temperatures, the
peak energy displays the expected reduction due to the band-gap narrowing effects. This
property is observed in all heavily-doped wafers investigated in this study. One possible
explanation of this behavior is that, the excess carriers in the band tails are thermally excited to
higher energy levels, and thus the luminescence peak is first shifted to higher energies with
increasing temperatures. However, up to a certain temperature, the amount of band-gap
narrowing due to the rising temperature dominates the spectra again, and thus the PL peak shifts
back to lower energies.

11.6 Conclusion

We have investigated the effects of doping on the photoluminescence spectra from boron-
doped crystalline silicon wafers. Utilizing a low excitation level, we can avoid the overlapping
of the dopant and band-to-band luminescence components. Utilizing a high excitation level
from the micro-photoluminescence spectroscopy system, we can suppress the influence of the
unexpected impurities on the spectra. Therefore, we can perform a systematic study on the
effects of different phenomena on the luminescence spectra. We have also explained the
difference between the two common approaches in studying the luminescence spectra, including

the line shape analysis and generalized Planck’s law.
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CHAPTER 12

Summary and Future Work

n summary, photoluminescence spectra captured from crystalline silicon wafers and solar
I cells contain rich information about the intrinsic properties of the material, the defects and
impurities, the surface optics, the carrier profiles, the cell structures, and the fabrication
processes. Interpreting the total spectra emitted from the silicon solar cells is extremely
challenging. However, by systematically controlling these properties, we can observe and study
the individual impacts of each phenomenon on the luminescence spectra. This thesis has utilized
the rich information on the photoluminescence spectra to develop a variety of new spectrally-
resolved photoluminescence-based characterization methods for studying the properties of
different structures in silicon solar cells. Although the focus of all techniques presented in this
thesis is on silicon, these techniques in principle can be extended to other materials in

photovoltaic applications.
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Band-to-band photoluminescence spectroscopy

Band-to-band photoluminescence spectra are emitted from the two band edges of silicon,
and thus reflect the intrinsic properties of the material. However, due to the reabsorption of the
generated photons, the spectra detected outside the silicon wafers are affected by the surface
morphologies and the excess carrier profiles. By controlling the experimental conditions and the
geometrical properties of the wafers systematically, the values of the band-to-band absorption
and radiative recombination coefficients, two of the most important parameters in silicon, have
been established as a function of temperature. The temperature data showed that, around room
temperature, the values of the band-to-band absorption coefficient varied significantly even
though the temperature was changed only a few degrees. Therefore, the exact value of the
temperature at room condition should be used for precise device modeling and characterization.
Furthermore, we found a saturation of the radiative recombination coefficient at temperatures
around room temperature and above.

The established temperature dependence of the band-to-band absorption coefficient in this
thesis allows us to model photoluminescence spectra from silicon wafers with different surface
morphologies under various experimental conditions as a function of temperature. We have
applied the modeled results to elucidate the individual impacts of the excess carrier profiles and
the surface reflectivities on the total luminescence spectra captured. We also suggested that, the
sensitivity of many photoluminescence-based techniques, which have been established mainly
at room temperature in the literature, could be improved by carrying out the measurements at
higher temperatures. The reason is that, the impacts of the carrier profiles and the surface
reflectivities on the spectra were found to be more pronounced at higher temperatures due to the
increasing reabsorption of the generated photons in silicon wafers.

Besides the applications established in this thesis, band-to-band photoluminescence
spectroscopy still has many potential applications in silicon photovoltaics. One possible
extension could be to investigate photoluminescence spectra from complete silicon solar cells
under different bias conditions. When a voltage is applied on solar cells, the excess carrier
profiles in the solar cells are altered and thus the spectra emitted from them should also be
changed. Therefore, we could potentially study the electrical and optical properties of finished

solar cells under different working conditions using the detected spectra.
Deep-level micro-photoluminescence spectroscopy
Dislocations, along with other defects and impurities trapped around them, are important

efficiency limiting defects in silicon solar cells. These defect centers were demonstrated to emit

deep-level luminescence peaks besides the band-to-band peak from silicon. This thesis has
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utilized this phenomenon to investigate the spatial distributions of dislocations, and secondary
defects and impurities, around sub-grain boundaries in multicrystalline silicon wafers. We
found an asymmetrical distribution of the secondary defects and impurities across the sub-grain
boundaries investigated, suggesting that the defects and impurities were preferentially trapped at
one side of the sub-grain boundaries.

Furthermore, the behaviors of individual D lines after different processing steps were
studied. We found that, although the D1 and D2 lines were known to originate from the defects
and impurities trapped around dislocations, the D1 intensity was enhanced significantly after the
phosphorus gettering step whereas the D2 intensity was consistent after various processing
steps. The experimental results suggested that the enhancement of D1 was because the sub-grain
boundaries were cleaned of metal impurities after the gettering process. This finding may open
paths to apply this micro-photoluminescence-based technique to monitor the effectiveness of
the gettering process in solar cell fabrications, or to study the distribution of metal impurities
around dislocation sites.

Nevertheless, there are still some uncertainties about the origins of the D lines. Although
D1 and D2 are known to originate from the secondary defects and impurities trapped around
dislocations, and D3 and D4 are confirmed to reflect the intrinsic properties of the dislocations,
this thesis has demonstrated that, not only D1 and D2, but also D3 and D4 have different origins
from each other due to their different luminescence properties. However, an arising question is
which type of dislocations causes D3 and D4, and which type of defects and impurities causes
D1 and D2. Further breaking down the origins of these deep-level luminescence peaks is of
importance for understanding the physics of these recombination centers, as well as for

developing techniques to mitigate their detrimental impacts on finished silicon solar cells.

Separation of photoluminescence fingerprints from different layers

When different materials are stacked on a single silicon wafer and an appropriate excitation
wavelength is employed, the total spectrum detected contains luminescence signatures from all
layers. However, at room temperature, the luminescence peaks are either too broad due to
thermal broadening, or reduced in intensity due to thermal quenching. Therefore, the individual
signatures from each layer cannot be observed. This thesis has utilized the distinct luminescence
peaks at low temperatures to investigate the electronic and optical properties of different
micron-scale features on silicon solar cells.

First, the aggregate luminescence spectra from various diffused silicon wafers were
reported. Band-gap narrowing effects in heavily-doped silicon cause the band-to-band
luminescence peak to be shifted to longer wavelengths. Therefore, both the band-to-band

luminescence peaks from the heavily-doped layer and the underlying substrate could be
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observed. The relative intensity of the band-to-band peak emitted from the heavily-doped layer,
compared to that emitted from the underlying substrate, was found to correlate with the dopant
density of the heavily-doped layer. Based on these results, the technique was applied to
characterize the dopant levels of localized diffused and laser-doped regions on crystalline
silicon wafers. The results showed that, the interfaces between the laser-doped and un-doped
regions were more heavily doped than the laser-doped regions themselves.

Second, the damage induced by the laser-doping process was demonstrated to emit a deep-
level photoluminescence peak. The damage was found to be located near the wafer surface.
Moreover, the laser-doped wafers were found to emit three separate luminescence peaks
originating from the heavily-doped silicon in the laser-doped layer, the damage induced by the
laser-doping process, and the underlying substrate at low temperatures. Due to the different
radiative recombination mechanisms among these three components, the three luminescence
peaks were demonstrated to have different dependences on the excitation power and the
temperature. In addition, the laser damage peak was found to have similar luminescence
properties to those of dislocations in multicrystalline silicon wafers, suggesting that the damage
observed was related to dislocations, and the interfaces between the doped and un-doped
regions contained more dislocations than the laser-doped regions.

Finally, the aggregate luminescence spectra from the silicon wafers passivated with
hydrogenated amorphous silicon and hydrogenated silicon nitride films were also reported and
explained. Their dependences on the experimental and deposition conditions were investigated.
Silicon-rich silicon nitride films were found to emit photoluminescence spectra whose
properties are similar to those of hydrogenated amorphous silicon, thus suggesting the presence
of amorphous silicon clusters inside the silicon nitride films. The thesis also showed a
correlation between the refractive index, as well as the optical absorption, of the silicon nitride
films and the luminescence intensity from these films. In addition, adding the capability to
detect heavily-doped layers in silicon wafers, the technique was then applied to evaluate
parasitic absorption in different passivation films, and dopant levels of heavily-doped regions

on various finished silicon solar cells.

Spectrally-resolved micro-photoluminescence excitation spectroscopy

As device complexity increases, there is a trend to utilize both lateral and vertical spatial
dimensions in silicon wafers. Therefore, many structures in silicon solar cells are not only
reduced in size but also stacked together on a single substrate. This tendency makes the
characterization of silicon solar cells more challenging. This thesis reported a novel contactless,
non-destructive technique, which combined the advantages of both spectrally-resolved
photoluminescence and photoluminescence excitation spectroscopy techniques, to characterize

small features distributed at different depths below wafer surfaces. The principle of this
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technique is to observe the evolution of the entire luminescence spectrum from a silicon wafer
or solar cell at low temperatures while the excitation wavelength is varied.

This technique was applied to evaluate both the junction depth and the doping level of
various diffused silicon wafers. It was also used to detect and differentiate different deep-level
luminescence peaks emitted from defects and impurities induced by the post-diffusion thermal
treatment. In addition, this newly-developed method was applied to detect the enhanced
diffusion of dopant atoms along grain boundaries in multicrystalline silicon wafers. The results
showed that, the enhanced diffusion occurred at numerous types of large angle grain boundaries
investigated in this thesis, rather than some specific large angle grain boundaries as reported in
the literature. Furthermore, sub-grain boundaries were found to act as preferential diffusion sites
for dopant atoms during the thermal diffusion process. These sub-grain boundaries were
demonstrated to contain a high level of defects and impurities trapped around them, and these
defects and impurities were distributed homogeneously throughout the wafer thickness. The
results indicated that, the presence of the defects and impurities around the sub-grain boundaries
did not hinder the preferential diffusion of the dopant atoms.

However, at the current stage, this spectrally-resolved photoluminescence excitation
spectroscopy has not been demonstrated to detect photoluminescence signatures from sub-
nanometer layers at the wafer surface due to the lower limit of the excitation wavelength of the
light source employed in this thesis. The lowest achievable excitation wavelength was 500 nm.
A possible extension of this method is to employ shorter excitation wavelengths, for example
325-nm wavelength at which the absorption depth in crystalline silicon at 79 K is only about 10
nanometers. In this case, the luminescence signal detected should be emitted mostly from a few
nanometers at the silicon wafer surface. Also, the shorter excitation wavelengths can be used to
excite electrons and holes in different passivation films such as silicon nitride, amorphous
silicon, or titanium oxide, which in turn can emit luminescence spectra. By increasing the
excitation wavelength starting from the ultra-violet range, and observing changes in the
spectrum, one may be able to quantitatively evaluate the depth distributions of numerous
materials and features in finished silicon solar cells. Combining with the micro-
photoluminescence spectroscopy system, one could develop a very powerful contactless,
nondestructive characterization tool in both spectral and spatial dimensions for silicon

photovoltaics.
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Appendix

This appendix consists of two conference papers, each of which was presented at The 5"
and 6™ International Conferences on Silicon Photovoltaics in 2015 and 2016, respectively. The
first conference paper is an extension of the work presented in Chapter 5. In this chapter, we
demonstrated that in multicrystalline silicon wafers the dislocations themselves emitted the
deep-level photoluminescence lines D3 and D4, whereas the defects and impurities trapped
around the dislocations emitted the deep-level lines D1 and D2. After phosphorus gettering, the
D2, D3, and D4 lines were not altered, but the D1 line was increased significantly. Moreover,
we suggested that D3 had a different origin from D4 even though they were both emitted from
dislocations. This first conference paper continues to investigate the luminescence properties of
these D lines after phosphorus gettering and hydrogenation steps. The results show that while
the gettering process changes the D1 line intensity, the hydrogenation process does not alter the
intensities of the D lines. Moreover, the effectiveness of the phosphorus gettering is found to be
varied along the sub-grain boundaries due to the different intensity increment of D1. Finally, the
work presents further experimental evidences to support the hypothesis that D3 and D4 have
different origins.

The second conference paper is an extension of the work presented in Chapter 9. In this
chapter, we demonstrated the proof of concept of combining spectrally-resolved
photoluminescence and photoluminescence excitation spectroscopy to characterize silicon
wafers and solar cells. By capturing the luminescence spectrum emitted from silicon wafers
under varying excitation wavelengths at low temperatures, we were able to qualitatively
examine the depth distribution of different layers in silicon wafers. This conference paper
continues to apply this technique to investigate the depth distribution of dislocations formed in
silicon wafers during two different processes: the ingot growth and cooling, and the post-
diffusion thermal treatment. The results show that, the dislocations formed during the former
process are distributed uniformly depth-wise throughout the wafer thickness, whereas those

formed during the latter process are confined to the near surface region.
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1. Introduction

Recently, there has been an increasing interest in employing spectrally-resolved photoluminescence (PL) as an
accurate and non-destructive characterization tool in silicon photovoltaics. By capturing the luminescence signal
emitted from transitions of free carriers between the two band edges of crystalline silicon, fundamental properties of
this material have been determined such as the band-to-band (BB) absorption coefficient [1-3], radiative
recombination coefficient [2,4,5], temperature dependence of the band gap [6], and the extent of band-gap
narrowing in heavily-doped silicon [7,8]. Also, BB spectral PL has been employed to extract the minority carrier
diffusion length in silicon wafers [9,10] and bricks [11], to quantify light trapping in plasmonic structures [12], to
investigate the effects of different surface morphologies [13,14] as well as carrier profiles [14] on the spectrum
shapes, and recently to study properties of thin heavily-doped layers of cell pre-cursors [15]. On the other hand,
defects and impurities occupying energy states within the forbidden gap of crystalline silicon can give rise to deep-
level luminescence spectra, with the peak energies lower than that of the BB peak. These deep-level spectra contain
distinct signatures for different kinds of defects and impurities such as Cr-B pairs [16], oxygen precipitates [17], Fe
precipitates [18], and dislocations [19,20] in crystalline silicon.

In multicrystalline silicon (mc-Si), dislocation networks are one of the key factors limiting the final cell
efficiency [21], and usually occur at small angle grain boundaries (SAGBs) and other sub-grain boundaries (sub-
GBs). These dislocation sites have been reported to emit four distinct deep-level lines, known as D1, D2, D3, and
D4. The doublet D1/D2 originates from secondary defects and impurities decorated around dislocations [22,23],
whereas the doublet D3/D4 reflects the intrinsic properties of dislocations [22-26]. These results have been
confirmed recently by Tajima et al. [23], in which D1 and D2 were found to occur around SAGBs, and D3 and D4
were present directly on SAGBs. Recently, utilizing the micron-scale spatial resolution of a confocal microscope PL
spectroscopy system, we have shown that the D1 intensity was enhanced when the dislocations were cleaned of
metal impurities after gettering, whereas the D2 intensity still remained the same, and confirmed that D1 and D2 had
different origins [27]. Also, we proposed that D3 was not the phonon replica of D4 due to their different energy
shifting when moving away from the sub-GBs.

Since the D lines reflect the properties of dislocations and the surrounding local conditions, they can be employed
as a tool to monitor the behavior of defects and impurities around dislocations and the dislocations themselves
during cell fabrication processes. Moreover, phosphorous gettering and hydrogenation are two essential steps which
are naturally incorporated during the formation of diffused layers, and of antireflection coating (ARC) layers by
chemical vapor deposition (CVD) and their subsequent firing. Thus, an insightful understanding of the behaviors of
the D lines after these two processing steps may provide more information about the impact of gettering and
hydrogenation on dislocations. Therefore, in this work, utilizing the high spatial resolution of a micro-PL (uPL)
spectroscopy system, we report findings regarding the various effectiveness of the gettering process along the sub-
GBs based on the D line emissions, and also investigate the behaviors of the D lines after the hydrogenation process.
In addition, we also report further experimental findings to support the hypothesis that D3 is not the phonon replica
of D4 [27].

2. Experimental details

The experimental setup in this study is described in detail elsewhere [27]. The uPL spectroscopy system has a
spatial resolution of about 3 microns and a spectral resolution of about 0.25 nm. The sample temperature was kept
constant at 79 K using a liquid-nitrogen-cooled cryostat. The samples studied here are directionally solidified,
boron-doped p-type mc-Si wafers having a background doping of about 9x10" ¢m™. Three samples were cut from
three consecutive wafers in the same ingot, and chemically etched with an etchant of HF and HNOj; to remove saw
damage and to achieve optically polished surfaces. After that, the first sample was kept in the as-cut state. The
second sample was passivated with a layer of SiN,:H deposited by plasma-enhanced chemical vapor deposition
(PECVD) using ammonia and silane as precursor gases. It was then annealed at 700 °C for 30 minutes in a N, gas
environment in a quartz tube furnace to distribute hydrogen throughout the sample thickness. The third sample went
through an extended phosphorous gettering process [28], which is described in greater details in Ref. 27. The sheet
resistance of the resultant diffused layer was about 30 Q /1. All samples were chemically etched again to remove
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residual layers left after the previous processing steps, leaving bare silicon surfaces. Finally, they were immersed in
a defect etchant consisting of acetic/nitric/hydrofluoric acids for 16 hours [29,30]. The purpose of this etching step is
to delineate the sub-GBs, which are otherwise not observable under the optical microscope. The final thickness of
these samples is around 250 microns.

3. Results and analysis

First, we examine the behaviors of D1 and D2 after the hydrogenation and gettering steps. In order to ensure that
the presence of the D3 and D4 lines does not affect our analysis on the D1 and D2 lines, the investigated sub-GB
was chosen to have strong D1 and D2 emissions, but low D3 and D4 emissions. We captured the PL spectra at a
location about 10 microns away from the same sub-GB for the three samples. Each individual spectrum was then
decomposed with 5 Gaussian peaks representing the four lines D1, D2, D3, D4, and the first phonon replica of the
band-to-band line (BBPR). The amplitudes of these Gaussian peaks are the intensities of their corresponding PL
lines. Here we did not fit the band-to-band (BB) peak with the Gaussian function since this BB peak was distinctly
sharp at 79 K [2,3], allowing us to isolate the BB peak. We note that decomposing the spectrum in this way is
necessary to accurately estimate the intensities of the individual D lines, since there is significant overlap between
them. By contrast, a common way to investigate their spatial distributions, in particular D1 and D2, is to apply band-
pass filters to collect individual components of the spectra. However, the detected PL signal using band-pass filters
is, in principle, still the aggregate signal of multiple components. For example, in Fig. lc, the apparent intensity of
D2 is almost as twice the intensity of the decomposed D2 peak, since the D2 line in this case occurs on the tail of the
more intense D1 peak. This effect may give a misleading conclusion regarding the change of the D2 line if applying
band-pass filters.

6l (a) sample 1: as-cut 1t (b) sample 2: hydrogenated ]| (c) sample 3: gettered
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Fig. 1. Comparison of PL spectra among (a) as-cut, (b) hydrogenated, and (c) gettered samples at a location about 10 microns away from the
same sub-GB at 79 K.

In Fig. 1, the spectrum of the hydrogenated sample is similar to that of the as-cut sample, whereas the spectrum
of the gettered sample changes significantly. Since the D1 and D2 lines are emitted by the secondary defects or
impurities trapped by the strain field around the dislocation sites, the consistency of the D1 and D2 intensities
indicates that the hydrogenation process performed in this study is not effective in altering or passivating these
defects and impurities around the dislocations. However, after gettering, D1 is enhanced notably whereas D2 does
not change significantly. This behavior of D1 has been reported by our group recently, and was suggested as being
due to a reduction in the concentration of metal impurities, in particular Fe, around the sub-GBs after gettering [27].
This finding can be compared with the results from Johnston ef al. [31], in which the authors found an enhancement
of the sub-band gap luminescence from defect clusters in mc-Si wafers after the phosphorus diffusion, although via
the imaging technique employing a long-pass filter (> 1350 nm). Due to this behavior of D1, we therefore
hypothesize that the D1 line originates from only the secondary defects, and the metal impurities may form
complexes with the D1 centers, thus alternating their energy levels and suppressing their luminescence efficiency.
Moreover, as we performed line scans parallel to this sub-GB at a distance about 10 microns away from the sub-GB,
the spectra of the as-cut sample are almost the same, whereas those of the gettered sample are altered significantly,
as plotted in Fig. 2. The DI intensity increases from the starting point to the final point of the line scan on the
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gettered sample. We continued performing the line scans again but in the opposite direction, and observed the
opposite trend of the D1 intensities, indicating that the observed increment of D1 is not due to scanning artifacts.
Therefore, the results in Fig. 2 suggest that the gettering extent of metal impurities varies along the length of the
sub-GB itself. The more effective the gettering process is, the higher the D1 intensity is.

12 T T T T T T T T 12
(b) Sample 3: gettered

(a) Sample 1: as-cut

10

PL (a.u.)
=)

1300 1400 1500 1200 1300 1400 1500

Wavelength (nm) Wavelength (nm)

1200

Fig. 2. PL spectra from line scans parallel to the sub-GB of (a) as-cut and (b) gettered samples. The line scans were performed at a distance about
10 microns away from the sub-GB, and each spectrum in the figure corresponds to one position along the line scans.

In order to avoid the differences in local conditions, as shown above, from affecting our general conclusions, we
performed 80-micron line scans parallel to this sub-GB in 5-micron step sizes, at different distances (5, 10, and 15
microns) away from this sub-GB. Fig. 3 shows the average intensities of the D1, D2, and BB peaks (after the total
spectrum was decomposed), along with one standard deviation error bars. As can be readily seen in Figs. 3a and 3b,
the D1 intensity of the gettered sample is notably higher than that of the other two samples, although the BB
intensity in Fig. 3c is the same among the three samples. Also, the extent of the D1 error bars of the gettered sample
is consistently much larger than that of the other two samples at different distances. Therefore, we conclude that the
hydrogenation process used in our study does not affect the D1 and D2 luminescence efficiencies, whereas the
gettering process enhances the deep-level luminescence of D1 due to the reduction of metal impurities, and this
effect varies along the sub-GB itself.
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Fig. 3. Average PL intensities, along with one standard deviation error bars, of (a) D1, (b) D2, and (c) BB peaks among the three samples at 79 K.
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Next, we investigated the behaviors of D3 and D4 after the two processing steps. For this we chose sub-GBs
having strong D3 and D4 emissions. The D3 and D4 intensities are consistent among the as-cut, hydrogenated, and
gettered samples for the investigated sub-GBs as shown in Fig. 4. Since D3 and D4 are thought to reflect the
intrinsic properties of the dislocation sites [22-27], this consistency suggests that the structure of dislocations is very
stable and not altered after different processing steps including hydrogenation, gettering, and the high thermal
treatment incorporated during the gettering process. This behavior of D3 and D4 is similar to the results in Ref. 27,
in which the D3 and D4 lines were found to be unchanged after gettering, high temperature annealing, and Fe
implantation steps. Note that the D1 intensity after gettering (Fig. 4c) is increased as twice that of the as-cut sample
(Fig. 4a), whereas the D2 intensity remains the same.
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Fig. 4. Comparison of PL spectra among (a) as-cut, (b) hydrogenated, and (c) gettered samples on the same sub-GB at 79 K.

Finally, as can be qualitatively seen from Fig. 5a, the intensity ratio between D3 and D4 varies significantly from
location to location. Note that although the D1 and D2 intensities are very strong at location 01, the high energy side
of the D2 Gaussian peak is not overlapping with the center of the D3 peak when decomposing the spectrum as
shown in Fig. 5b, and hence the D3 peak intensity is not affected by the high energy side of the D2 distribution.
Therefore, the intensity ratio between D3 and D4 is not affected by D1 and D2 emissions in Fig. 4a. This different
behavior between D3 and D4 contradicts the common belief that D3 is the phonon replica of D4 [23,25], but is
similar to what was reported in Ref. 27, in which the peak energy was shifted differently between D3 and D4. If D3
is a phonon replica of D4, their intensity ratio should be the same at a certain temperature regardless of the locations.
Therefore, we conclude that D3 is not the phonon replica of D4.
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Fig. 5. (a) PL spectra of the as-cut sample at different locations at 79 K. (b) Gaussian fits of PL spectrum at location 01 on the as-cut sample at 79
K.
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4. Conclusion

We have empirically examined the impacts of hydrogenation and gettering steps on the deep-level
photoluminescence spectra from dislocations. Our results suggest that the reduced concentration of metal impurities
trapped around the dislocation sites after gettering enhances the luminescence of D1, while hydrogenation has no
effect on the intensity of D1. The effectiveness of the gettering is found to vary along the sub-grain boundaries due
to the different enhancement of the D1 intensity. In addition, the structure of the dislocations is found not to be
affected by the two processes due to the consistency of the D3 and D4 intensities. Finally, we have reported the
difference in intensity ratio between D3 and D4, suggesting that D3 is not the phonon replica of D4.

Acknowledgements

This work has been supported by the Australian Research Council (ARC) and the Australian Renewable Energy
Agency (ARENA) through research grant RNDO009. The Australian National Fabrication Facility is acknowledged
for providing access to some of the facilities used in this work. The authors are in debt to Prof. H. Tan for providing
access to the spectroscopic equipment.

References

[1] E. Daub and P. Wiirfel, Ultralow values of the absorption coefficient of Si obtained from luminescence, Phys. Rev. Lett. 74, 1020 (1995).

[2] T. Trupke, M. A. Green, P. Wiirfel, P. P. Altermatt, A. Wang, J. Zhao, and R. Corkish, Temperature dependence of the radiative
recombination coefficient of intrinsic crystalline silicon, J. Appl. Phys. 94, 4930 (2003).

[3] H. T. Nguyen, F. E. Rougieux, B. Mitchell, and D. Macdonald, Temperature dependence of the band-band absorption coefficient in
crystalline silicon from photoluminescence, J. Appl. Phys. 115, 043710 (2014).

[4] P. P. Altermatt, F. Geelhaar, T. Trupke, X. Dai, A. Neisser, and E. Daub, Injection dependence of spontaneous radiative recombination in
crystalline silicon: Experimental verification and theoretical analysis, Appl. Phys. Lett. 88, 261901 (2006).

[5] H. T. Nguyen, S. C. Baker-Finch, and D. Macdonald, Temperature dependence of the radiative recombination coefficient in crystalline
silicon from spectral photoluminescence, Appl. Phys. Lett. 104, 112105 (2014).

[6] W.Bludau, A. Onton, and W. Heinke, Temperature dependence of the band gap of silicon, J. Appl. Phys. 45, 1846 (1974).

[7] J. Wagner, Photoluminescence and excitation spectroscopy in heavily doped n- and p-type silicon, Phys. Rev. B 29, 2002 (1984).

[8] J. Wagner, Band-gap narrowing in heavily doped silicon at 20 and 300 K studied by photoluminescence, Phys. Rev. B 32, 1323 (1985).

[9] P. Wiirfel, T. Trupke, T. Puzzer, E. Schiffer, W. Warta, and S. W. Glunz, Diffusion lengths of silicon solar cells from luminescence images,
J. Appl. Phys. 101, 123110 (2007).

[10]J. A. Giesecke, M. Kasemann, M. C. Schubert, P. Wiirfel, and W. Warta, Separation of local bulk and surface recombination in crystalline
silicon from luminescence reabsorption, Progress in Photovoltaics: Res. & Appl. 18, 10 (2011).

[11]B. Mitchell, M. K. Juhl, M. A. Green, and T. Trupke, Full spectrum photoluminescence lifetime analyses on silicon bricks, IEEE Journal of
Photovoltaics 3, 962 (2013).

[12]C. Barugkin, Y. Wan, D. Macdonald, and K. R. Catchpole, Evaluating plasmonic light trapping with photoluminescence, IEEE Journal of
Photovoltaics 3, 1292 (2013).

[13]C. Schinke, D. Hinken, J. Schmidt, K. Bothe, and R. Brendel, Modeling the spectral luminescence emission of silicon solar cells and wafers,
1EEE Journal of Photovoltaics 3, 1038 (2013).

[14]H. T. Nguyen, F. E. Rougieux, S. C. Baker-Finch, and D. Macdonald, Impact of carrier profile and rear-side reflection on photoluminescence
spectra in planar crystalline silicon wafers at different temperatures, IEEE Journal of Photovoltaics 5, 77 (2015).

[15]H. T. Nguyen, D. Yan, F. Wang, P. Zheng, Y. Han, and D. Macdonald, Micro-photoluminescence spectroscopy on heavily-doped layers of
silicon solar cells, Physica Status Solidi: Rapid Research Letters 9, 230 (2015).

[16]H. Conzelmann and J. Weber, Photoluminescence from chromium-boron pair in silicon, Physica B+C 116, 291 (1983).

[17]S. Binetti, S. Pizzini, E. Leoni, R. Somaschini, A. Castaldini, and A. Cavallini, Optical properties of oxygen precipitates and dislocations in
silicon, J. Appl. Phys. 92, 2437 (2002).

[18]P. Gundel, M. C. Schubert, W. Kwapil, J. Schon, M. Reiche, H. Savin, M. Yli-Koski, J. A. Sans, G. Martinez-Criado, W. Seifert, W. Warta,
and E. R. Weber, Micro-photoluminescence spectroscopy on metal precipitates in silicon, Physica Status Solidi: Rapid Research Letters 3,
230 (2009).

[19]R. Sauer, J. Weber, J. Stolz, E. R. Weber, K.-H. Kiisters, and H. Alexander, Dislocation-related photoluminescence in silicon, Applied
Physics A 36, 1 (1985).

[20]M. Tajima, Spectroscopy and topography of deep-level luminescence in photovoltaic silicon, IEEE Journal of Photovoltaics 4, 1452 (2014).

[21]B. Sopori, P. Rupnowski, V. Mehta, V. Budhraja, S. Johnston, N. Call, H. Mountinho, M. Al-Jassim, A. Shaikh, M. Seacrist, and D. Carlson,
Performance limitations of mc-si solar cells caused by defect clusters, ECS Transactions 18, 1049 (2009).



Hieu T. Nguyen et al. / Energy Procedia 77 (2015) 619 — 625

[22]H. Sugimoto, M. Inoue, M. Tajima, A. Ogura, and Y. Ohshita, Analysis of intra-grain defects in multicrystalline silicon wafers by
photoluminescence mapping and spectroscopy, Japanese Journal of Applied Physics 45, L641 (2006).

[23]M. Tajima, Y. Iwata, F. Okayama, H. Toyota, H. Onodera, and T. Sekiguchi, Deep-level photoluminescence due to dislocations and oxygen
precipitates in multicrystalline Si, J. Appl. Phys. 111, 113523 (2012).

[24]T. Sekiguchi and K. Sumino, Cathodoluminescence study on dislocations in silicon, J. Appl. Phys. 79, 3253 (1996).

[25]Tz. Arguirov, W. Seifert, M. Kittler, and J. Reif, Temperature behaviour of extended defects in solar grade silicon investigated by
photoluminescence and EBIC, Mater. Sci. Eng. B 102, 251 (2003).

[26]W. Lee, J. Chen, B. Chen, J. Chang, and T. Sekiguchi, Cathodoluminescence study of dislocation-related luminescence from small-angle
grain boundaries in multicrystalline silicon, Applied Physics Letters 94, 112103 (2009).

[27]H. T. Nguyen, F. E. Rougieux, F. Wang, H. Tan, and D. Macdonald, Micrometer-scale deep-level spectral photoluminescence from
dislocations in multicrystalline silicon, IEEE Journal of Photovoltaics 5, 799 (2015).

[28]S. P. Phang and D. Macdonald, Direct comparison of boron, phosphorus, and aluminum gettering of iron in crystalline silicon, J. Appl. Phys.
109, 073521 (2011).

[29]W.C. Dash, Copper precipitation on dislocations in silicon, J. Appl. Phys 27, 1193 (1956).

[30]Y. Kashigawa, R. Shimokawa, and M. Yamanaka, Highly sensitive etchants for delineation of defects in single- and polycrystalline silicon
materials, J. Electrochem. Soc. 143, 4079 (1996).

[31]S. Johnston, H. Guthrey, F. Yan, K. Zaunbrecher, M. Al-Jassim, P. Rakotoniaina, and M. Kaes, Correlating multicrystalline silicon defect
types using photoluminescence, defect-band emission, and lock-in thermography imaging techniques, IEEE Journal of Photovoltaics 4, 348
(2014).

625



Available online at www.sciencedirect.com

. . Energy
ScienceDirect

Procedia

CrossMark

o S
ELSEVIER Energy Procedia 92 (2016) 145 — 152

6th International Conference on Silicon Photovoltaics, SiliconPV 2016

Evaluating depth distributions of dislocations in silicon wafers using
micro-photoluminescence excitation spectroscopy

Hieu T. Nguyen*, Sieu Pheng Phang, and Daniel Macdonald

Research School of Engineering, College of Engineering and Computer Science, The Australian National University, Canberra, ACT 2601,
Australia

Abstract

Combining micro-photoluminescence spectroscopy and photoluminescence excitation spectroscopy, we are able to observe the
evolution of the luminescence spectra from crystalline silicon wafers under various excitation wavelengths. By interpreting the
relative change of the luminescence spectra, we can detect and examine the distributions of the dislocations, as well as of the
defects and impurities trapped around them, segregated at different depths below the wafer surface. We show that in
multicrystalline silicon wafers, the dislocations and the trapped defects and impurities, formed during the ingot growth and
cooling, are distributed throughout the wafer thickness, whereas those generated in monocrystalline wafers by a post-diffusion
thermal treatment are located near the wafer surface.
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1. Introduction

Photoluminescence spectroscopy (PLS) and photoluminescence imaging (PLI) have been demonstrated to be
powerful characterization tools in silicon photovoltaics. Utilizing the advantages of these two techniques, the so-
called hyperspectral PL imaging technique, which combines both PLS and PLI, has been employed to capture
macroscopic PL images from multicrystalline silicon (mc-Si) wafers in both spatial and spectral dimensions [1,2].
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Therefore, macroscopic properties of different radiative recombination centers at various locations in mc-Si wafers
can be investigated separately. However, due to the limited number of pixels from the camera employed to detect a
large area on the wafers, the spatial resolution of this hyperspectral PL-based method is on the order of several
hundred micrometers [1-2]. As a result, microscopic properties of submicron features in crystalline silicon (c-Si)
wafers and solar cells have not been accessible via this technique.

Recently, courtesy of the high spatial resolution from confocal optics, micro-PLS (uPLS) has been utilized to
investigate electronic and optical properties of many submicron features in c-Si wafers and solar cells, such as
dislocations [3-6], metal precipitates [7], or damage induced by laser-doped processes [8-10]. In addition,
photoluminescence excitation (PLE) spectroscopy, in which the relative PL intensity at a certain wavelength is
monitored when the excitation energy is varied, is a powerful technique to study fundamental properties of silicon
and defects, such as the optical band gap in degenerate silicon [11,12] or oxygen-related deep defects in irradiated
silicon [13]. Recently, we have applied a technique combining uPLS and PLE to evaluate spatial distributions of
structures and defects separated at different depths inside silicon wafers [14].

Dislocation sites are an important lifetime killer in silicon solar cells [15]. The dislocations themselves are not
only an effective recombination channel for free carriers, but also act as trapping sites for other defects and
impurities due to the local stress and strain around them. These trapped defects and impuirities, in turn, reduce the
free carrier concentrations even further. The dislocations and the trapped defects and impurities can be generated
either during the crystal growth of an ingot, or in subsequent solar cell fabrication steps. Due to the different natures
of these two processes, the spatial distributions of the dislocations and the trapped defects and impurities are
expected to be different. Therefore, in this work, we apply our recently-developed pPLS-PLE technique [14] to
study the distributions of dislocations and other defects generated during these two processes. Defects formed during
mc-Si ingot growth are shown to be distributed uniformly depth-wise in the silicon wafers, whereas the process-
induced defects are found to reside near the wafer surfaces.

2. Experimental details

The sample investigated in Section 3 is a <100>-oriented float-zone boron-doped c-Si wafer. It was first
chemically etched in an HF/HNO; solution to remove saw damage. It went through a thermal diffusion process in a
BBr; gas source at 1050 °C for 1 hour, and was then annealed in pure nitrogen gas at 1090 °C for 5 hours while the
borosilicate glass (BSG) and boron-rich layer (BRL) were both still present on the wafer surfaces. These process
steps are aimed to generate dislocations, along with other defects and impurities, located below the wafer surfaces.
After that, any residual BSG and BRL layers were finally removed prior to performing the PL measurements.

The sample investigated in Section 4 is a directionally solidified, boron-doped p-type mc-Si wafer with a
background doping of about 9x10™ cm™. This wafer was also first chemically etched in an HF/HNO; solution to
remove saw damage. After that, it was immersed in a defect etchant consisting of acetic/HNO/HF acids for 16
hours. The purpose of this second etching step is to delineate sub-grain boundaries (sub-GBs), which are otherwise
not observable under a confocal microscope. These sub-GBs are known to have a high density of defects and
impurities forming during the ingot growth and cooling process [5].

The setup of our uPLS system is described elsewhere [5,14]. The excitation light source is a supercontinuum
laser (NKT SuperK Extreme EXR-20) with a tunable wavelength range from 490 nm to 2 um. In this work,
excitation wavelengths between 510 nm and 810 nm with a bandwidth of 10 nm were employed. The on-sample
power was kept constant at 6 mW for all excitation wavelengths. The diameter of the illuminated spot on the
samples varied between ~1 um (for 510-nm excitation wavelength) and ~2 um (for 810-nm excitation wavelength).
The spectral response of the entire system was determined with a calibrated halogen-tungsten light source.

3. Dislocations and impurities distributed near the wafer surface

In this section, we apply the combined PLS-PLE technique to detect dislocations, as well as other defects and
impurities, distributed near the wafer surface. Figure 1a shows the normalized PL spectra from the boron-diffused
and annealed c-Si wafer, excited with different wavelengths at 79 K. There are 3 distinct components in the spectra.
The first component is the Band-to-Band (BB) peak at ~1130 nm emitted from the underlying c-Si substrate. The
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second component is the peak at ~1165 nm attributed to the heavily-doped layer near the surface. This second peak
is also band-to-band luminescence, but shifted to longer wavelengths due to band-gap narrowing effects in the
heavily-doped layer [16]. Therefore, we denoted it as Heavily-Doped Band-to-Band peak (HDBB). The HDBB peak
is significantly broader than the BB peak due to the band filling and band tailing effects in heavily-doped silicon
[17,18]. The third component is the deep-level luminescence at wavelengths beyond 1200 nm, emitted from defects
and impurities induced by the post-diffusion thermal treatment.

In Figure 1a, the HDBB peak reduces significantly with increasing excitation wavelengths due to the reduced
absorption fraction of the laser light in the heavily-doped layer. In addition, the two deep-level peaks display the
same trend as the HDBB peak, initially suggesting that the defects and impurities are distributed near the wafer
surface. However, there could be another possibility. The BB intensity is a quadratic function of the excess carrier
density under high injection levels [19], while the deep-level intensities are less dependent on the excess carrier
density [10]. Therefore, the reduction of the deep-level luminescence in Figure 1a (compared to the BB peak) could
be due to the faster increment of the BB peak when the laser light penetrates more deeply into the substrate, in
which case the surface recombination is reduced. To test this hypothesis, we compare the spectra in relative
intensities, as depicted in Figure 1b and Figure 1c (a zoomed-in section of Figure 1b). The BB peak increases
remarkably with increasing excitation wavelengths (Figure 1b), while the deep-level luminescence saturates (Figure
1c). These results also suggest that the observed defects and impurities are located near the surface.
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Fig. 1. PL spectra from the boron-diffused and annealed c-Si wafer, excited with different wavelengths at 79 K. The spectra were (a) normalized
to the BB peak and (b) presented in relative intensities. (c) A zoom-in between 1180 and 1550nm of Figure 1b. The peak ~1200 nm is the phonon
replica of the BB peak (denoted as PRBB in Figure 1b). The spurious peaks marked by broken-line arrows are artifacts due to the higher orders of
the supercontinuum laser.
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The very broad widths of these two deep-level peaks could be due to two reasons. The first reason is that, the
doping profile is inhomogeneous across the diffused layer thickness. Thus, both deep-level peaks are, in fact, the
aggregate PL emissions from different layers with different doping densities, which are shifted by varying amounts
in energy due to changing band-gap narrowing. Another possibility is that, each of the two broad peaks could be
possibly emitted from various defect and impurity centers locating near together inside the band gap rather than a
single type of defects and impurities, and the PL emissions from these centers are also broadened due to the
inhomogeneous doping profile. However, decomposing these two broad deep-level peaks into individual defect lines
is difficult since these peaks are very broad and not well-defined.

Next, we continue examining the spatial distribution of the two deep-level luminescence peaks. In order to avoid
the influence of the PL signal from the underlying substrate on our interpretation, we subtracted the BB component
from the total spectra and normalized the resultant spectra to the HDBB peak, as depicted in Figure 2. Compared to
deep-level peak 2, deep-level peak 1 is clearly suppressed with increasing excitation wavelengths, suggesting
different origins and spatial distributions between the two deep-level peaks. Deep-level peak 1 is confined very near
the surface while deep-level peak 2 is extended more deeply into the substrate.
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Fig. 2. PL spectra from the boron-diffused and annealed silicon wafer, excited with different wavelengths at 79 K. The BB peak from the c-Si
substrate was subtracted from the original spectra, and the resultant spectra were normalized to the HDBB peak.
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Fig. 3. PL spectra at different distances from the edge of the cross-sectional specimen (i.e. the original wafer surface) of the boron-diffused and
anneal c-Si wafer. The excitation wavelength is 810 nm and the temperature is 79 K.
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Now, we verify the findings on the spatial distributions of both these peaks mentioned above, using the PL
spectra measured from a vertical cross-section of the boron-diffused and annealed c-Si wafer. Figure 3 plots the PL
spectra at various distances from the edge of the cross-sectional specimen, i.e. the original wafer surface. Near the
edge (e.g. the 3-micron curve), the intensities of both deep-level peak 1 and deep-level peak 2 are relatively high.
Away from the edge of the cross-sectional specimen, deep-level peak 1’s intensity is quickly diminished and
eventually disappears. Meanwhile, deep-level peak 2 is still present up to a distance much further from the edge.

Furthermore, Figure 4 is a transmission electron microscope (TEM) two-beam bright-field image of the vertical
cross-section. The micrograph reveals a dislocation band located about 3 microns below the surface. This
dislocation band was formed during the post-diffusion thermal treatment. The dislocation band position coincides
with the distance from the edge that yields the highest intensity of deep-level peak 1 (the 3-micron curve in Figure
3). Therefore, we suggest that deep-level peak 1 is likely to be related to the dislocations near the surface, while
deep-level peak 2 could be attributed to the other defects and impurities trapped around the dislocation sites during
the annealing and cooling process.

wafer surface

in the bulk, created by FIB

Fig. 4. TEM two-beam [-1-11] bright-field image of the (011) cross-section of the (100) boron-diffused and annealed c-Si wafer. The specimen
was prepared by focus ion beam (FIB). The dislocations are marked with the white circles. The broad wavy features are bending contours due to
the elastic bending of the thin TEM specimen.

4. Dislocations and impurities distributed depth-wise

In this section, we continue applying the combined PLS-PLE technique to assess dislocations and defects which
are formed during the growth and cooling of a mc-Si ingot, rather than during the subsequent solar cell processing
steps. In mc-Si wafers, dislocations are confined around small-angle grain boundaries or other sub-GBs, and are
often decorated with other defects and impurities [3]. The dislocations themselves emit the so-called D3 and D4
lines around 1200 — 1300 nm [3-6], whereas the trapped defects and impurities are known to emit the so-called D1
and D2 lines between 1350 and 1600 nm [3-6].

Figure 5a shows the normalized PL spectra from a sub-GB of the mc-Si wafer with different excitation
wavelengths at 79 K. Besides the BB peak from c-Si, we can observe deep-level luminescence peaks labeled as D4
and D3 (from dislocations) and D2 (from defects and impurities trapped around dislocations). In contrast to
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Figure 1, the deep-level luminescence increases with increasing excitation wavelengths in Figure 5a. These results
demonstrate that the dislocations are distributed depth-wise in the mc-Si wafer. Moreover, in Figure 5b, although the
relative intensity of the defect luminescence increases, the relative BB intensity saturates. This behavior can be
explained by the fact that the BB PL signal is limited by both the surface recombination and the defect density, in
particular the density of dislocations in this case. Therefore, when the laser light penetrates more deeply into the
wafer, although the effects of the surface recombination are suppressed, the deep-level channels still compete with
the BB luminescence. We note that the D1 line is absent and the D2 line intensity is minimal in Figure 5, suggesting
that the sub-GB investigated does not contains a high density of impurities and other defects, but the dislocations

themselves.
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Fig. 5. PL spectra at a sub-GB, which gives strong dislocation luminescence, of the mc-Si wafer, excited with different wavelengths. The spectra
were (a) normalized to the BB peak and (b) presented in relative scale. The spurious peaks marked by broken-line arrows are artifacts due to the
higher orders of the supercontinuum laser.
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Nevertheless, the increasing intensity of D3 and D4 with excitation wavelengths may imply a preferential
increment of the dislocation density along the wafer thickness. To clarify this hypothesis, we repeated the PLE
measurements on the same sub-GB, but from the other side of the wafer, and plotted the results in Figure 6. The
increasing trend of D3 and D4 with increasing excitation wavelengths confirms that the higher intensity of D3 and
D4 is due to a suppression of the surface recombination, rather than a higher dislocation density.

Finally, we show the results from another sub-GB, in which the dislocation sites are decorated with a high
density of defects and impurities, causing strong D1 and D2 lines as depicted in Figure 7. The same as Figure 5, the
dislocation luminescence intensity in Figure 7 increases with increasing excitation wavelengths. In addition, we also
observe an increment of D1 and D2. The results from this figure demonstrate that, the defects and impurities are
trapped around the dislocation sites during the ingot growth and cooling, and are also distributed throughout the
wafer thickness.

Recently, Bauer et al. [20] have performed a detailed investigation on crystallographic structures of defects
which are responsible for the strong recombination activities along sub-GBs in mc-Si solar cells. Combining
electron beam induced current (EBIC) measurements and scanning transmission electron microscopy (STEM)
images, these authors found a correlation between the increased recombination activities and the density of nonsplit
Lomer dislocations along the sub-GBs. Moreover, they also showed that, the presence of partial dislocations and
stacking faults at certain locations of the sub-GBs, in which perfect Lomer dislocations were absent, did not increase
the EBIC contrast. Therefore, Lomer dislocations were suggested to be more detrimental to the final cell
performance than partial dislocations and stacking faults. These findings can be compared to the properties of the
D3 and D4 lines. The two lines have been confirmed to be due to the dislocations along the sub-GBs since the two
lines are confined around the sub-GBs, in which the band-to-band intensity is found to be reduced significantly
[3-5]. However, a detailed investigation on the microscopic structures of the dislocations around the sub-GBs
studied in our work is required to clarify which types of dislocations emit the D3 and D4 lines. On the other hand,
the D1 and D2 lines are still present at a distance far away from the sub-GBs, e.g. up to 80 um from the sub-GBs in
Ref. 5, and thus D1 and D2 are unlikely to be emitted directly from the dislocation networks at the sub-GBs.
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Fig. 7. Normalized PL spectra at a sub-GB, in which the dislocations sites are decorated with a high density of trapped defects and impurities,
excited with different wavelengths.

5. Conclusion

We have applied the spectrally-resolved photoluminescence excitation spectroscopy technique to detect and
assess the distributions of dislocations and other defects inside the silicon wafers. We have presented the results for
two cases, between which the formations as well as distributions of dislocations and other defects are distinctly
different. This method, in principle, can be applied for different structures and defects separated at different depths
inside the silicon wafers.
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