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Abstract
With energy demand forecasted to grow significantly, efforts towards mitigating global
warming effects by reducing greenhouse gas emissions are becoming stricter as more power
generation plants are deployed to meet the global demand. Deployment of renewable energy
technologies as a low-carbon alternative to fossil fuel is an attractive solution. Photovoltaics (PV)
present several advantages over other energy sources because PV is modular, and has proven to
be a scalable and reliable technology. A capital expenditure reduction of 70% has been found to
be necessary to meet the climate targets of 7-10 TW of PV by 2030. This can be achieved through
different channels: improving conversion efficiency and device performance of silicon modules,
increasing solar cell manufacturing yield, reducing silicon feedstock material use, etc. This
research focuses on n-type monocrystalline silicon and aims to increase conversion efficiency up
to 20% relative and increase manufacturing yield up to 50%, as levers to reduce the capital
expenditure. The increase in conversion efficiency and manufacturing yield is achieved by defect
engineering and mitigation of a lifetime-limiting bulk defect in n-type monocrystalline silicon,
characterized

by

low-lifetime

concentric

rings.

Temperature-

and

injection-dependent
3

photoluminescence imaging is applied to investigate the defect's root-cause by studying its
evolution under several high temperature process conditions and is found to be caused by oxiderelated precipitates. Synchrotron-based micro X-ray fluorescence and electron-beam inducedcurrent are used to learn about the internal gettering effect and density of the microdefects causing
the ring-like low lifetime pattern. Further, transmission electron microscopy and energy dispersive
spectroscopy in scanning transmission electron microscopy are used to investigate the morphology
and chemical state of the oxygen-related defects. Finally, pathways for defect mitigation are
investigated using rapid temperature annealing processes, presenting new insights into the
influence of process material parameters on the resulting minority carrier lifetime. Conversion
efficiencies are expected to be improved by 3.5% to 7.8% relative based on the device architectures
of the solar cells.
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CHAPTER

1
INTRODUCTION
1.1

Climate Change Challenge
Global climate change represents a pressing challenge, especially with the increasing

energy demand and the growing population over the last century. Worldwide energy demand is
forecasted to increase by about 45% in the next 25 years reaching 815 quadrillion Btu in 2040 [1].
At the same time, the persistent C02 and other greenhouse gas emission is causing further warming
and irreversible impacts on the planet; in fact, an increase in the global temperatures by more than
2'C is expected to result in catastrophic consequences [2]. To avoid the worst effects of global
warming and climate change while still meeting the increasing global energy demands, the
deployment of several terawatts of low-carbon energy generation, as an alternative to fossil fuel
energy sources, is required [3]. In order to progress at the same rate of global population growth
and global energy demands, at least 5 TW of baseload generation by 2040 needs to be deployed,
all of which needs to be produced by renewable energy sources if the dire effects of climate change
are to be avoided. In a study led by D. Berney Needleman et al., several scenarios of CO 2 reduction
were considered, spanning several risk levels to the climate, and assigning a third of the IPCC's
low-carbon share to photovoltaics [4]-[7]. As shown in Figure 1-1, assuming no growth in
manufacturing capacity available in 2016, photovoltaics (PV) would be sufficient to produce only
I TW in the next 15 years, not even close to what the energy demand growth would be. The most
optimistic industry projections expect as high as 5 TW deployed by 2030, still far from being able
to displace fossil fuel energy generation. In fact, in order to mitigate climate risks, 7 to 10 TW of
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PV generation needs to be available by 2030, a target that would need aggressive growth in
manufacturing capacity [8].
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Figure 1-1: Climate targets along with other projections from technology to high efficiency advanced concept
projections. Figure from reference 181.

1.2 Photovoltaics
The photovoltaics market is growing at a fast pace with a 41% compound annual growth
rate of PV installation in the past 17 years [9]. Yet, the current PV manufacturing capacity is just
enough to supply 1 TW of energy in 2030, one tenth of the energy generation required to offset
climate change. This demonstrates that with the current technology and capital expenditure
associated with the current technology, it is very difficult for PV to be sufficient to limit
greenhouse gases causing global warming. Even though the average modules sales price has been
steadily going down since 1976, and reached $0.37/Wp in 2016 as shown in Figure 1-2 [10], more
work still needs to be done to make PV competitive with retail electricity prices provided by other
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energy sources in all countries (PV has already reached grid parity in several markets such as in
major European countries, several Latin American countries etc.).
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1.3 Silicon Solar Cell Material
Silicon is an exceptionally favorable material for PV application for several reasons: it has
a theoretical conversion efficiency limit up to 29% [11], it is non-toxic, is the second most
abundant element in the earth crust after oxygen, and it has an energy bandgap of 1.1 eV making
almost perfectly matching the solar spectrum [12]. In 2017, silicon accounted for 93% of the total
production with about 75 GW installed in 2016 [13], [14].
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1.3.1 Monocrystalline versus Multicrystalline Silicon
Single-junction monocrystalline silicon solar cells have reached a record efficiency of
25.8% (as reported by the Best Research-Cell Efficiencies in 2017 by the National Renewable
Energy Laboratory), and commercial PV module efficiency record of 24.1% has been reached by
SunPower [15]. The higher efficiency potential of monocrystalline silicon solar cells compared to
multicrystalline silicon solar cells offsets the higher cost of production of monocrystalline silicon
compared to multi-crystalline silicon. For this reason, increasing efficiency and yield and lowering
capex will have a major impact on monocrystalline silicon production, which already represents
almost half of the PV market [16]. Additionally, the thickness of mono-Si wafers is expected to
drop to 140 gim by 2027, while mc-Si wafers will have only approached 150 pm by the same time,
giving monocrystalline silicon an edge when it comes to reducing cost associated with material
consumption [10]. As a result of all these advantages, monocrystalline silicon is expected to
account for just below 50% of crystalline silicon solar cell production in 2018, an increase from
just below 25% in 2013 as shown in Figure 1-3 [17].
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1.3.2 N-type versus P-type Silicon
Today p-type silicon is dominating the market, however more interest has been shown in
the past few years to re-investigate n-type silicon given its electrical superiority to p-type silicon
material. First, p-type silicon, unlike n-type silicon, is highly susceptible to the metastable boronoxygen defect [18]. Second, although p-type silicon is less susceptible to irradiation-induced
degradation and has a longer minority carrier diffusion length for the same minority carrier lifetime
since electrons (the minority carriers in p-type) have a higher mobility than holes (the minority
carriers in n-type), its minority carrier lifetime is strongly limited by recombination active
transition metal point defects [19]. The irradiation and mobility arguments do not stand strong in
the face of the technological advancements. Solar cells produced for terrestrial applications do not
suffer from high energy radiation. Furthermore, as the industry moves to thinner wafers the long
minority carrier diffusion length would become on the same order of magnitude of the wafer
thickness if not smaller. In addition, with the consideration of cheaper material as a way to reducing
capex, the high mobility argument becomes invalid again as the charge carrier lifetime in n-type
silicon is less affected by transition metal impurities dissolved in the ingot compared to p-type
silicon, which could potentially lower crystal growth costs since the standards for metal impurities
can be less stringent [20], [21]. Higher minority carrier lifetime can be reached with n-type silicon,
which can improve drastically following a phosphorus diffusion gettering step [20].

1.4 Enabling low capex, high efficiency silicon
Drastic capital intensity and PV module manufacturing cost reductions are required for
climate targets to be reached. Several technological pathways were investigated. The line-of-sight
scenario (shown in Figure 1-1) assumes wafer thickness reduction from 180 pm to 120 pm and
expects that such an innovation would allow the installation of 3.2 TW capacity in 2030. As a
result, further reductions in cost and capex are required via implementation of other advanced
technologies. An assumption that accounts for increased efficiency as the primary cost reduction
lever in addition to wafer thickness reduction down to 20 jam, results in faster growth and
cumulative installation reaching 11.2 TW in 2030, thanks to an elimination of up to 90% of capital
expenditure [8]. Capital expenditure is defined as the sum of physical property, plant equipment
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etc., which are fixed costs that do not increase with an increased utilization rate. Key cost drivers
affecting capex are technology, manufacturing location and manufacturer's capital structure. This
thesis will focus on the technology key driver, which includes polysilicon material, wafering, cell
and module manufacturing as shown in Figure 1-4 [22].
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Figure 1-4: Initial capex for c-Si manufacturing, normalized by annual production capacity. Polysilicon and
cell production accounts for most of the capex. Three process steps alone: Siemens CVD, Czochralski crystal
growth and TCS production account for 45% of the capex. Taken from 1221.

Improvements in conversion efficiency and manufacturing yield have a direct impact on how many
grams of silicon are required to generate 1 watt, which contribute to reducing capex from
polysilicon [22]. Sensitivity analyses have found that efficiency and yield have the largest
influence on cost and price of crystalline silicon solar cells [23].

1.4.1 The Swirl Defect Case
The specific defect investigated in this thesis, is a bulk defect present in n-type
monocrystalline silicon wafers, exhibiting itself as low-lifetime concentric ring, which resulted in
its name "ring defect" or "swirl defect". These rings are found to cover about a quarter of the wafer
area. Further, their strength is found to be dependent on the ingot position of the wafer. This aspect
of the defect, results in lower manufacturing yield, as up to 50% of the Czochralski crystal can be
affected, yielding below standard efficiencies and hence making a large portion of the ingot
unusable. As a result, a compromise between implementing tighter constraints on the Czochralski
crystal growth with a slower growth rate, which could potentially hurt the capex severely as this
step already accounts for 15.5% of the capex, or implementing defect engineering approaches to
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mitigate the defect post-growth, which would add to the capex under the cell production step.
Furthermore, the defect has been found to impact the conversion efficiency by up to 20% relative
[24]. Understanding the ring defect and developing ways to mitigate it will hence increase
conversion efficiency by up to 20% relative, and manufacturing yield by up to 50%, depending on
the ingot manufacturer, As a result, a promising reduction in capital expenditure is expected due
to solving this defect, being a favorable and significant step towards meeting climate targets in
2030.
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CHAPTER

OXYGEN-RELATED DEFECTS IN
SILICON
2.1 The Swirl Defect
Swirl defects are observed in dislocation-free, monocrystalline silicon wafers and are
known to be caused by point defect agglomeration. The presence of these point defects causes the
formation of different types of microdefects: A- and B-defects are of interstitial type, and D-defects
are of vacancy type. A-defects are large enough clusters forming dislocation loops. B-defects are
non-coherent silicon-rich particles, potentially formed by interstitials precipitation at impurity
inclusions. D-defects are vacancy clusters forming voids, which in their stable phase are likely to
be octahedral-shaped voids [25], [26]. Following a surface etching [27], [28], these defects would
appear as etch pits (or in some etching recipes hillocks) agglomerating in such a way that reveals
swirl patterns [25], [29]-[32].

2.2 Czochralski Crystal Growth
This thesis focuses on the swirl defects in silicon wafers grown by Czochralski crystal
growth. Czochralski crystal growth for semiconductor-grade silicon uses different growth
parameters than Czochralski crystal growth for photovoltaic applications. As shown in the diagram
in Figure 2-1, polysilicon is melted in a silica crucible (or a coated silica crucible) at temperature
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above the melting temperature of silicon. The crucible is an essential part of the hot zone as it
provides a continuous source of dissolved oxygen in the melt, impacting the impurity
concentration in the silicon ingot. The hot zone also plays an important role in enabling dislocationfree crystals and controlling point defect concentrations [33], [34]. The crystal is started by dipping
a seed a growing a thin neck. At this point, dislocations can be introduced by thermal shock during
the dipping or they can already exist in the seed and propagate as the crystallization takes place.
To avoid dislocation formation, a relatively high pulling rate of 1 - 5 mm/min is used at this stage
for semiconductor-grade silicon crystals [34], [35]. The shouldering stage is the process where the
crystal is enlarged to reach the desired diameter. At this stage the temperature is decreased and the
pulling is decreased as well to 0. 1 - 0.5 mm/min. The body is then gradually formed and the
crystal is pulled by rotating a shaft or a wire-reeling and rotating system. Finally, the tailing process
tapers the crystal at the end and slowly detaches it from the melt in order to avoid dislocation
propagation due to thermal shock. Throughout the process, a high purity argon gas at a reduced
pressure is flowing along the hot zone, to pump SiO gas evaporated from the silicon melt out of
the chamber. Oxygen concentration can be controlled by changing the crystal and especially the
crucible rotation parameters [35].
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Figure 2-1: Czochralski silicon crystal growth diagram. Taken from 1341.
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2.2.1 Grown-in Defects Incorporation
During crystal growth, intrinsic point defects such as vacancies and self-interstitials
agglomerate to form microdefects. An agglomeration of excess vacancies results in void-type
microdefects (typically around 106 cm-3 in Cz), also referred to as D-defects and oxide particles
[31]. An agglomeration of excess self-interstitials results in the formation of large dislocation
loops, lower in density but larger in size than the voids. The two types of microdefects do not coexist, and the root cause of both of these defects goes back to the local solidification conditions.
during crystal growth. Depending on the V/G ratio, where V is the pull rate and G is the local axial
temperature gradient at the solid/liquid interface, the rapid recombination between a pair of
vacancy and interstitial at high temperature leads to the supersaturation of one and the undersaturation of the other. If the V/G ratio is below a critical value, interstitial-type defects form (Adefects and B-defects) and is the V/G ratio is above a critical value, the A/B swirls disappear and
vacancy-type defects (D-defects) form instead [29], [31], [36]. Most swirl-like defects can be
attributed to the boundary between these two regimes. At the critical value of V/Gcr = 1.3 x 10
cm 2min'K-', which was verified for crystals with a diameter ranging between 4 and 8 inches,
interstitials and vacancies annihilate each other and no dislocation loops nor voids grow [26], [37].
seed end
A/B
B - band

P - band

V/I boundary
D
Figure 2-2: Schematic of the spatial distribution of grown-in microdefects in a crystal grown at a gradually
increasing growth rate. Adapted from 1311.
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As shown in Figure 2-2, the distribution is grown-in microdefects is described starting for seed
end of the crystal. Starting from the very deep region off the B-band in the interstitial-rich regime,
A-defects or large dislocation loops form. Less deep in the interstitial region, B-defects form
(predecessors of type A defects). Just outside the L-band, the region between the P-band and the
V/I boundary, is an interstitial region with no enhanced precipitation. The L-band exhibits
enhanced oxide precipitation upon high temperature processing but contains neither voids nor
particles. The P-band has a lower vacancy concentration and contains oxide precipitates
responsible for the subsequent formation of stacking faults during oxidation thermal processes.
The region inside the P-band has the largest concentration of vacancies and hence contains voids
(D-defects).
Microdefect engineering in crystals can be done in few different ways: either grow in vacancy
regime and then engineer the void defects through subsequent thermal treatments to control oxide
precipitation at them, or suppressing the microdefect reaction by controlling the V/G ratio in order
to grow in the perfect silicon regime where both vacancies and interstitials are in low
concentrations leading to a region free of microdefects [29], [38].

2.3 Oxygen-related Defects in Silicon
Silicon grown by Czochralski crystal growth, contain a large concentration of oxygen in
the interstitial form on the order of 1017 - 1018 cm-3 [39]. Therefore, upon thermal processing
during solar cell fabrication silicon wafers contain supersaturated interstitial oxygen, which results
in the formation of oxygen-related defects, ranging from thermal donors, to unstrained oxide
precipitates to strained precipitates and punched out dislocation loops and / or stacking faults [40],
[41]. The crystal defects are generally generated by the oxide precipitates due to the difference in
volume between an oxide and the silicon lattice, resulting in some silicon self-interstitial atoms
forming crystallographic defects around the precipitates. Additionally, the elastic strain associated
with precipitate growth can be relieved via both an emission of silicon interstitial from the
precipitate and an absorption of excess vacancies from the surrounding matrix. As precipitates
grow the matrix becomes increasingly saturated with silicon interstitials while the vacancy
concentration remains at thermal equilibrium [42].
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These defects act as sinks to transition metals and hence as recombination centers. Oxygen
precipitates have been heavily studied in the semiconductor industry in the very-large-scale
integration (VLSI) and ultra-large-scale integration (ULSI) device field. The effect of annealing,
thermal processes to control the density and distribution of the oxygen-related defects in the wafer
bulk, ring pattern defects and oxygen-induced stacking faults have been investigated [31], [43],
[44]. However the effect of different high temperature fabrication steps on minority carrier devices
such as solar cells, is not completely understood, although a lot of the knowledge collected by the
semiconductor industry can be mined to the advantage of photovoltaics.

2.4 Thermal Budget and Material Dependence
For instance, long intrinsic gettering treatments performed at 11 90'C for 7 hours followed
by 780'C for 7 hours and finally 1 0000 C for 16 hours are used to form a denuded zone - tens of
micrometers region below the surface of the silicon wafer that is free from any defects - and
precipitate oxygen in the deeper bulk, for the production of VLSI/ULSI integrated circuits [45],
[46]. It was found that oxidizing thermal treatments are detrimental as they enhance the injection
of silicon self-interstitial atoms from the surface oxide layer grown during oxidizing treatments.
Under such annealing conditions, these process-induced point defects, interact with the intrinsic
point defects and impurities present in the material such as vacancies and self-interstitials as
described in the section above [46]. Thermal processes performed in oxidizing ambient delay the
precipitation of oxygen compared to inert gases. With a supersaturation ratio S < 5, silicon selfinterstitials play a key role in the nuclei formation. Their impact decreases with S > 5. It was
observed that if S < 5, oxygen precipitation was delayed in wafers subjected to PDG and thermal
oxidation. For S > 5 oxidation did not retard oxygen precipitation. Samples with PDG, exhibit a
reduction in oxygen precipitates, but no reduction in the change of interstitial oxygen. Higher
density of stacking faults was seen in samples subjected to PDG. It is believed that during
oxidation, self-interstitials are supersaturated, while during PDG, vacancies are generated at the
surface. However some other reports claim that self-interstitials are supersaturated during PDG as
well [41].
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2.4.1 Oxidation-induced Stacking Faults
The oxidation-induced stacking faults (OSF) ring falls between the vacancy-rich region
and the interstitial-rich region, forming the P-band before the wafer is subjected to an oxidation
step, hence making their growth material- and thermal process-dependent. After oxidation, the
grown-in oxide precipitates act as nucleation sites for stacking faults, forming the OSF ring. The
OSF ring will have a relatively higher photoluminescence intensity after oxidation compared to
the neighboring regions since the small and highly dense oxide precipitates outside the P-band will
grow during oxidation affecting the recombination activity, which depends strongly on the
precipitate size [47]-[49].
In p-type silicon for semiconductor applications, it has been shown that the thermal history affects
the OSF nuclei distribution, because of the difference in critical nuclei size. It has been found that
the nuclei must already exist in the as-grown material, even though they cannot be observed until
after oxidation is performed. Thermal budget affecting the growth of the bulk micro-defects will
result in the ability or inability to nucleate OSFs during the oxidation step. Bulk microdefects can
be too small for OSFs to nucleate and form during oxidation. Interstitial silicon generated during
thermal oxidation is attracted to the strained bulk microdefects and form the stacking faults.
However, if the strain is lower than required (i.e. BMD is too small), stacking faults won't be
generated, and if the strain is too large punched-out dislocation loops form and release the strain
acting as sink to further interstitial silicon and hence inhibiting stacking faults from forming [50].

2.4.2 Thermal Donors
Thermal donors grow during crystal growth while cooling the oxygen-rich ingots. Thermal
donors are negatively charged clusters of oxygen atoms that affect the base resistivity of wafers
[51], [52]. The electrical activity of thermal donors starts when the clusters contain five oxygen
atoms or more and arises from a silicon atom sitting at the center of a cluster of interstitial oxygen
atoms [53]. Thermal double donors form between 300'C and 500'C [39] and are destroyed at
temperatures above 550'C [54]. Thermal donors are annihilated during emitter diffusion steps and
other high temperature steps within the solar cell process and hence are neutralized [51]. Formation
and annihilation of thermal donors is a reversible process. Annihilation is controlled by the stress
relieving emission of donor activity responsible silicon self-interstitial at the center of the oxygen
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cluster [53]. Acceptor impurities are postulated to bind strongly to these defects and transform a
thermal double donor into a shallow single donor [55].

2.4.3 Oxide Precipitates
The main defects induced from these treatments are oxide precipitates occasionally accompanied
by crystallographic defects, depending on the annealing conditions. The composition, density and
size of the precipitates are highly dependent on the process conditions and the material parameters
such as its initial point defect distribution, initial concentration of impurities etc. [56], [57]. The
morphology of these precipitates (SiOx) depends on the time-temperature profile of the thermal
budget [40]. Needle-shaped precipitates have been reported between 400'C and 600'C, platelets
at 600'C to 950'C, and amorphous octahedral-shaped precipitates were observed after an
oxidizing thermal budget of around 1000'C [56]. Plate-like shaped precipitates form if the strain
is dominant, whereas octahedral shaped precipitates form if the interface energy is dominant.
Precipitates as thin octahedral platelets allow growth to take place with a minimum increase in
strain energy, compared to plate-like shapes with larger tip radii. The volume of a thin octahedral
platelet is only a third of that of a plate-like shape reducing the concentration of precipitated
oxygen by a third [42], [56].
Several thermal cycles were also studied and samples subjected to five cycles of 10000 C for 2.5
hours reported Franck loops, stacking faults, and punched out dislocations likely formed as
precipitates attempted to relax their strain. Samples subjected to less than five thermal cycles,
exhibited mainly only silicon oxide precipitates. The precipitates grow from lower than 40 nm in
size after one cycle up to 130 nm after 5 cycles [56]. After multiple anneals, both plate-like and
octahedral precipitates can often be present. The defect densities were found to be higher in the
center of the wafer and lower towards the edge, while the size was the same regardless of its
position along the wafer radius, which proves size is dependent only on annealing conditions
whereas density is dependent on both annealing conditions and initial material parameters [56].
The chemical state, or in other terms the average x value of SiOx depends on the precipitate
morphology, size and volume. SiOx growth is limited by interstitial oxygen diffusion. Kissinger et
aL. [58] showed that the core of the plate-like precipitate consists mainly of Si0 2 , surrounded by 2
or 3 nm of a thin SiO layer. TEM studies on geometry and size of precipitates grown at 700'C,
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800'C and 900'C for times ranging between 64 h and 700 h show that after 200 hours the
precipitates are platelets with increasing thicknesses of 2 nm, 3.6 nm, and 6.8 nm, with increasing
temperature, respectively [59]. Besides SiO, Si2 0 3 and Si 2 0 are stable phases and might also exist
in the core in small amounts [40].
A geometrical model developed by Vanhellemont [40], and precipitate growth kinetics studies
with TEM and EDS backed results are in agreement with a SiO chemical state for octahedral
precipitates [54], [58]. The interstitial oxygen atoms diffusing to the growing precipitate see first
the SiO layer, which might explain why the precipitate growth kinetics of octahedral precipitates
are in agreement with SiO precipitate growth. In fact, the interface energy for the SiO / Si interface
is lower than that for the SiO 2 / Si interface (0.67 J/m2 versus 1.68 J/m2), making the critical radius
for nucleation of a SiO precipitate about 60% of that of a stable SiO 2 precipitate nucleus, resulting
in a much easier nucleation of SiO precipitates compared to SiO 2 precipitates [40].
Oxide precipitates morphology following different thermal treatments in a hydrogen ambient was
also studied, as oxygen out-diffusion is accelerate with such an atmosphere. The morphology was
shown to be a function of the oxygen supersaturation ration and the thermal process temperature,
with the initial oxygen concentration having a significant impact on morphology, even greater than
the annealing temperature [61].

2.5 Oxygen-related Defects and Metals Interaction
Internal gettering beyond the active region of semiconductor devices due to precipitation
of supersaturated interstitial oxygen in silicon, is considered beneficial for the semiconductor
industry due to their metal impurities gettering characteristic [41]. In fact, oxide precipitates and
their associated structural defects act as heterogeneous precipitation sites for mobile and
supersaturated impurities [62]. On the other hand, the impact of oxide precipitates on the
mechanical properties of silicon are undesired as they tend to lower the mechanical strength but
also impact the wafers electrically by affecting its resistivity (through thermal donors formation)
or its minority carrier lifetime due to recombination [63]. Additionally, oxygen-related defects
leads to increased diode leakage currents [64], and metal-oxide-semiconductor leakage as well
[65].
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Relaxation gettering is of significant use in the semiconductor industry, wherein the oxygen
precipitates and their associated crystallographic defects act as precipitation sites for
supersaturated metal impurities such as copper, iron, nickel, cobalt, chromium [66], [67]. Internal
gettering of gold at stacking faults or edge dislocation was shown to be minimal. Additionally,
oxide precipitates are not effective sinks for gold-doped silicon wafer with gold concentration up
to the solubility limit [68], [69]. Different transition metals have different precipitation behavior.
Copper silicide was found to precipitate in colonies or at oxygen-related dislocations, while nickel
silicide was found to precipitate at a silicon / silicon oxide interface [53], [66]. As the oxygenrelated defects are controllably grown below the denuded zone (or in the case of the ring defect
inhomogeneously across the wafer), the difference in the defects density results in an impurity
gradient leading supersaturated impurities to diffuse towards the regions with high defect
concentrations upon cooling from high temperatures [66], [67]. Competitive gettering between the
bulk oxygen-related defect and the phosphorus diffusion, or competition between internal and
external gettering has been studied. Iron was found to segregate to oxygen-related defects. Samples
containing less than 5

x

1012 cm 3 of iron, show a reversible internal gettering effect by performing

a phosphorus diffusion gettering step, suggesting that at this low level iron decorates oxygenrelated defects without forming precipitates. At higher iron concentrations > 1.2

x 101

cm- 3, the

effect of internal gettering becomes irreversible, suggesting iron precipitation at oxide precipitates
and associated structural defects [70]. Oxygen precipitates are more effective at gettering iron than
their associated dislocation loops and stacking faults, which according to previous studies were
not suspected to play a significant role in internal gettering of iron [71].
In the photovoltaic industry, oxygen-related-defects are considered unfavorable for solar
cell performance [72]. Comparing n-type Cz to n-type FZ wafers, a phosphorus diffusion gettering
step only partially recovers the bulk lifetime in the former, whereas it recovers fully in n-FZ. This
would be caused by the growth of oxide precipitates and their internal gettering effect on metals
in n-type Cz, a phenomenon that would not happen in FZ as the oxygen concentration is much
lower than that in Cz wafers [73].
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2.6 Tabula Rasa Mitigation Technique in Semiconductor
Industry
Tabula rasa is a rapid thermal annealing homogenization treatment performed at
temperatures above 1000'C for serval seconds or minutes in nitrogen ambient. Initially, silicon
wafers contain in wide distribution of precipitation behavior due to the dependence of grown-in
point defects on ingot position. The tabula rasa process which means "scraped tablet" in Latin is
meant to relax the grown-in defect distribution to a narrow high-temperature distribution [74]. It
has been shown that sphere-like precipitates of several hundred nanometers in shape are fully
suppressed by tabula rasa at both 1 0000 C and 11 00 C performed at two different times 6 mins and
24 mins. Platelet shaped precipitate dissolution is shown to be highly dependent on the tabula rasa
parameters. Lower temperature tabula rasa at 1000'C and shorter time of 6 mins is shown to be
most effective in dissolving platelet shaped precipitates [75].
Based on previous TEM observations, precipitate dissolution is driven by oxygen
undersaturation. The activation energy for an oxygen atom to diffuse into the silicon matrix across
the precipitate is reduced at higher temperatures, and dissolution becomes favorable in an oxygen
undersaturated condition. Precipitate growth thermodynamics require a change in the free energy
of the precipitate and the free energy of activation for diffusion. On the other hand, precipitate
dissolution only requires crossing the activation barrier for diffusion. From the morphology and
size perspective, precipitate growth introduces a compressive strain in the lattice, whereas
precipitate dissolution introduces a tensile strain. Mass and volume conservation law, explains the
emission or absorption of point defects at the precipitate / matrix interface due to growth or
dissolution [42], [76]. A 100 hour annealing step at 800'C in N2 ambient, followed by a 50 hour
anneal at 1050'C in 02 ambient ensures that oxygen background concentration reaches thermal
equilibrium, initiating an undersaturation situation in the subsequent thermal annealing process
driving the precipitate dissolution.
Presence of stacking faults without oxide precipitates is a results of excess condensation of silicon
interstitials during tabula rasa, indicating silicon is saturated with interstitials at 1050'C annealing.
During the dissolution, lattice strain in relieved by two mechanisms a) injection of vacancies
(Schottky defects) from the precipitate into the matrix, b) condensation of excess silicon
interstitials by forming dislocation loop. The driving force for vacancy injection is the chemical
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potential of vacancy undersaturation resulting from the tensile strain in the surrounding lattice (an
increase in the interatomic spacing causes a decrease in the formation enthalpy of neutral
vacancies).

For every

vacancy emitted a silicon atom is produced at the interface

precipitate/matrix, to reduce the interface energy of the retreating interface. This happens via an
influx of excess silicon interstitials from the bulk to the precipitate interface. Dislocation loops
might form due to condensation of silicon interstitials as a way to maintain thermal equilibrium
silicon interstitial concentration. In the final stage of precipitate dissolution, the silicon lattice
undergoes plastic deformation and strain relief occurs primarily through dislocation network
generation [42].
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CHAPTER

MACROSCALE CHARACTERIZATION
3.1

Temperature-

and

Injection-Dependent

Lifetime

Spectroscopy
Deep level transient spectroscopy (DLTS) is one the main methods established to analyze
electrically active defects in semiconductor materials. However, this method is dependent on the
defect concentration, and defects with concentrations below the detection limit of DLTS cannot
be detected although they can still affect the carrier lifetime significantly. As a result, lifetimebased measurements are better suited to detect the presence of defects with lower concentration,
and study their nature [77]. The minority carrier lifetime was first studied in metal-doped p-type
silicon-based semiconductor devices in the temperature range from room temperature to 250'C,
and an extensive study on the effect of different metal impurities on the lifetime was analyzed [78].
Additionally, energy levels corresponding to different metal impurities in p-type silicon were first
extracted with the help of temperature dependent lifetime spectroscopy measurements in 1990 by
Kirino et al. [79]. Later, the injection-dependence was introduced in addition to the temperaturedependence by using several lifetime measurement techniques to cover a broad range of the
injection levels, this time studying n-type silicon wafers. Low injection level ranges were measured
by flying spot scanning, whereas high level injection regimes were measured by open-circuit
carrier decay measurement [80].
Temperature- and injection-dependent lifetime spectroscopy (TIDLS) measurements can
be used to directly identify and analyze defects. Assuming that trapping is negligible, the excess
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carrier densities of holes and electrons are considered to be equal (An = Ap). The time constants
Tno

and cpo for the capture of electrons and holes, respectively, are defined as:
_
-

1

1

Ntcnvt,

Tpo

(Eq.1)

Ntapvth

where Nt is the defect concentration, an is the capture cross-section for electrons, u- the capture
cross-section for the holes at the specific defect center, and

Vth

the thermal velocity. The capture

cross-section ratio of a defect state is related to its capture time constant, which might differ by
orders of magnitude for different defects, hence it is a characteristic of a defect state and is defined
as:

Q-

O

- Tfo

(Eq. 2)

Shockley-Read-Hall (SRH) lifetime depends on the injection level, the doping level, defect
parameters, and temperature through the SRH densities:

[Po

+P,+An +Qno +n, +An
TSRH =Tno [po+no+n
po+no+n]

(q.3
(Eq. 3)

Where po and no are the equilibrium carrier concentrations, and An is the excess carrier density.
The SRH densities ni and pi are statistical factors defining the SRH theory, and are defined as
follows:
n1 = Ncexp (- (EC-ET)

(Eq. 4)

p, = Nvexp (-

(Eq. 5)

(ETEV))

Nc, and Ny are the density of states in the conduction band and valence band respectively, and ET

is the energy level of the defect.
The electron and hole concentrations are given in terms of the equilibrium and excess carrier
concentrations as follow:

n = no +An

(Eq. 6)

p=po+Ap

(Eq.7)

From Eq. 1 and Eq. 3, one can notice that any change in the absolute defect parameters (Nt and a-,)
results in a vertical shift of the SRH curve but no changes in the shape occur. This is because the
time constant for electron capture rno is just a scaling factor for the SRH lifetime.
On the other hand, any changes in the relative parameters of the SRH defect (Et and

Q)

result in a

change in the shape of the SRH lifetime curve. Relative parameters are the only defect parameters
that can be extracted from the lifetime spectroscopy method, other absolute parameters such as
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Nt, up, and an require an additional measurement to be extracted. The fact that Nt, op, and an
cannot be separated turns out to be a major advantage of lifetime spectroscopy techniques making
TIDLS sensitive to electrically active defects even at very low concentrations below the detection
limit of DLTS [77], [81].
We can consider the injection-dependent SRH lifetime in two different regimes: low level injection
(LLI) and high level injection (HLI):
In the limit of LL, An

po + no, the previous Eq. 3 simplifies to:
I

O+1

=

+ Q

(Eq. 8)

In case of an n-type silicon wafer, no >> po, Eq. 8 simplifies to:
LLIn

TCSRH

[1()

QTn0 [-

+
+o (I + noflI

(Eq. 9)

In the limit of HLI, An >> po + no, n1 ,pi, the SRH lifetime equation in Eq. 3, irrespectively of
doping concentration and defect level position within the bandgap, simplifies to:
HLI
TSRii=

_nol 1 + Q]

(Eq. 10)

The recombination in this regime is limited by the slower of the two capture processes and is
independent of the defect energy level.
.ATSRH(T) = T.HRLHk(T) - 4fLL,(T)
.aTSR
~~'Hno

= Tno (T) [1 +

ATSRH(T) = TXo(T)

Setting

ATSRH

Q]

-

Tno (T)
[Rno

1

-

xQ

-

+ (+n(T)
+o
+no
(Eq. 11)

M

(T) = 0 reflects the condition at the critical temperature Tcr, where the temperature-

and injection-dependent lifetime curves go from increasing to decreasing as temperature increases.
The equation can be solved for two different cases, (1) in the case where

n

is dominant (the

underlying defect is located in the bandgap-half closer to the conduction band edge), or (2) in the
case where

p

is dominant (the underlying defect is located in the bandgap-half closer to the

no

valence band edge).

Case 1: For a defect in the bandgap-half closer to the conduction band edge:
-

c

E

og(cr) =-kBTcr log

No

(Eq. 12)

Case 2: For a defect in the bandgap half close to the valence band edge:
-

E=

-kBcr log

-kBTcrlog(No

)

(Eq. 13)
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3.2 Temperature- and Injection-dependent PL Imaging
Temperature- and injection-dependent lifetime spectroscopy (TIDLS) is useful to study
homogeneously

distributed defects in silicon wafers.

However,

when

studying non-

homogeneously distributed defects across the wafer, extending the method to temperature- and
injection-dependent photoluminescence imaging (TIDPLI) becomes more advantageous. TIDPLI
can be used to identify dominant defects and the extent to which they limit the lifetime for two or
three defects. Previously, it was demonstrated that this technique yields similar concentrations of
Fei and Cri as measured by the metastable method [82]. In contrast to TIDLS [77], [83], TIDPLI
as performed in this study aims at identifying the dominant defects in a given sample and not to
precisely determine the energy level and the capture cross-section ratio in intentionally
contaminated samples with different doping concentrations. This simplification yields a higher
inaccuracy in the calculated defect parameters. On the other hand, the advantage of using an
imaging-based technique allows the determination of the defect parameters at every pixel and thus
a spatially-resolved characterization of a laterally non-homogeneously distributed defect such as
the ring defect can be achieved.
Photoluminescence imaging (PLI) is a contactless, fast quality control imaging method that
can be employed on finished or unfinished solar cells. Photoluminescence imaging results in a
spatially resolved band-to-band luminescence intensity map. Assuming homogeneous thickness
and optical properties, the variation in PL intensity, under constant and homogeneous illumination,
is attributed to doping or injection level variations. When doping is controlled and is uniform
across the wafer, the PL intensity variations are caused by lifetime variations [47]. As a result,
specific material defects can be extracted from a single PL image, and their impact on minority
carrier lifetime can be determined. Previously, Haunschild et al. studied finished solar cells
exhibiting ring-like defects using PL imaging. It was shown that these ring-like defects can
drastically affect the conversion efficiency of a solar cell, with samples exhibiting ring defects
yielding efficiencies as low as 14.4% whereas solar cells with no apparent defects reached 18.4%.
Any other process-induced defects were excluded, and hence the 4% absolute drop in efficiency
was attributed to the low material quality and hence to the ring defect [24].
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3.3 Lifetime Parametrization for Oxide Precipitates
Shockley Read Hall statistics can quantify the SRH recombination of minority charge
carriers at lifetime limiting defects present in silicon with concentrations well below the detection
limit of DLTS. In integrated circuits (IC), oxygen precipitates grow under a well-controlled
thermal process. Here, oxygen precipitates are favorable because they getter metal impurities to
the bulk, which is not an active region of the device. On the other hand, oxide precipitates can be
detrimental and can alter the mechanical properties of wafers.
The morphology of the oxide precipitates evolves during thermal processing from unstrained to
strained precipitates that can be surrounded by structural defects such as dislocation loops. The
recombination rate associated with these different forms of precipitates changes; in particular, it
has been observed that in p-type Cz silicon, the recombination rate at a constant injection level
increases linearly with the density of strained precipitates. Structural defects decorating the
strained precipitates were also found to affect recombination strongly. Further measurements have
been carried out to cover n-type silicon wafers with different resistivity and uniformly distributed,
intentionally grown oxide precipitates at different temperatures. Through SRH parametrization,
the effect of oxide precipitates on the minority carrier lifetime can be quantified [83].
The net recombination rate of carriers is determined by the difference between the capture of free
carriers at a recombination center and their emission. If we consider two charge states of a onelevel recombination center, the recombination rate is written as:
R =

(n-.ni)+ap
an(n+nl)+ap(p+pi)

(Eq. 14)

Where n is the electron concentration, p is the hole concentration, ni is the intrinsic carrier
concentration, an is the capture coefficient for electrons, ap is the capture coefficient for holes,
and N is the density of recombination centers. Capture coefficients are the product of the thermal
velocity and the capture cross-section.
Replacing Eq. 6 and Eq. 7 along with the law of mass action in the previous Eq. 14, gives the
following:
R =

an(n+nl)+ap(p+pi)

(Eq. 15)

In n-type silicon, no >> po so (poAn) is negligible. Also p ~ Ap ~ An, so n = no + p
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Assuming independent defects, one can extract the defect parameters from this SRH statistics
formulation. First, the minority carrier lifetime is plotted against the ratio of the minority carrier
to the majority carrier concentration Y =

correcting for Auger and radiative

-

recombination. Usually if only one defect is responsible for all recombination in a sample, this plot
would be linear. However, in the following samples, all plots were displayed as a curve with a
positive slope in the limit of Y - 0, and negative slope as Y -> 1, which allows to fit the curve
with two straight lines, representing two independent defect energy levels responsible for the ring
defect.
SRH lifetime in n-type silicon for a single level recombination center can be written as:
p[an(n + n 1 ) + ap(p + pl)]
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Dividing the first derivative of the SRH lifetime with respect to Y by lim Tr, which is the
Y-1

ambipolar lifetime independent of the defect energy level of the SRH lifetime, gives a defect
parameter

independent of the defect concentration:
drP

1 ni

dY

Q no 1 0 Q

m

rp

Y-1

1+Q

Pi
1

Q+1

no

(nQ+Pl)
Q+1

(Eq. 17)
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Q can be determined

by plotting ( against the reciprocal of the doping level I/no;

Q would be

the

intercept and (n1 Q + pt) would be extracted from the gradient.
Finally, the Y-> 0 limit of the SRH lifetime allows the determination of aPN and is equal to the
following:
lim T
YN0

1

apI

+ L-+ -Lno

n0Q

(Eq. 18)

This model can be further simplified depending on the position of the defect within the bandgap.
If the defect is near the band-half, ni and pi are negligible and the only temperature dependence is
due to the temperature dependence of the capture cross-section coefficients. For a defect near the
valence band, n, is negligible, alternatively for a defect near the conduction band, p, is negligible.

Murphy et al. performed measurements on both n- and p-type silicon wafers with known
initial oxygen content to study the recombination at oxide precipitates in silicon wafers with
different doping levels. The wafers were subjected to a four-step oxide precipitate growth anneal
with a range of time-temperature profile parameters to grow uniformly distributed oxide
precipitates with different densities and morphologies. Strained and unstrained oxide precipitates
were present in the samples with different densities too. For passivated wafers with silicon nitride
deposited by PECVD, an average SRV of 10 cm/s was obtained.
The measured lifetime includes recombination contributions from the limiting defect, from Auger
and radiative recombination. Thus, especially for high measured lifetimes, the corrections are
significant especially at high injection levels where Auger recombination is dominant [84]. The
residual lifetime, after correcting for both radiative recombination and Auger recombination is
described as:
Tresidual

Tmeasured

\Tradiative

+

TCE Auger!

(Eq. 19)

Samples studied in this thesis have doping levels comparable to the ones studied by Murphy et al.
[83]. The measured lifetime curves versus the normalized carrier density (Figures 3-5 and 3-7)
show an upward shift with increasing temperature, as observed by Murphy et al. too. The residual
lifetime depends on injection level, temperature, doping and strained oxide precipitates density,
and doping, although in this thesis the focus is on n-type wafers only.
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Plotting the residual lifetime against Y shows that the injection dependence cannot be explained
by a single-level SRH center as the curves show an increasing slope followed by a decreasing slope
with increasing injection level. Two possibilities exist, either (1) the oxide precipitates introduce
a single defect with two energy levels, or (2) they form two independent defects. Using the case
of a single defect with two-level center doesn't allow fitting both n- and p-type samples with the
same energy levels [83]. Hence Murphy et al. concluded that the recombination at oxide
precipitates should be explained by two independent defects referred to as Defect 1 and Defect 2.
It is not possible to extract the defect density from these measurements but in n-type the parameters
Nia i and N2a2 can be extracted for two defects respectively.
The lifetime as Y-> I, measured at different temperatures, plotted against the inverse temperature,
follows an Arrhenius behavior. Assuming that the defect density is independent of temperature,
the following equation can be used to deduce the dependence of Q on temperature.
liM TP =

Y---

Q+1
aPN

(Eq. 20)

Fitting the above in an Arrhenius equation, an activation energy of 0.2
Defect 1, and an activation energy of 0.14

0.2 eV is extracted for

0.02 eV is extracted for Defect 2. Defect I has Q i >>1

and so the activation energy corresponds to its capture coefficient for holes api, and Defect 2 has
.

Q2 <<1 and so the activation energy corresponds to its capture coefficient for electrons an2
Nv and Nc temperature dependence equations are employed from this reference [85].
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3.4 TIDPLI Application to Ring Defects in n-type Silicon
3.4.1 Samples, Preparation and Measurements
For this study, silicon wafers grown by two different methods are compared as they both
exhibit a type of ring defects. In Czochralski-grown silicon wafers [31], [86], [87], the interstitial
oxygen concentration is about one order of magnitude larger than that in the non-contact crucible
silicon [88]-[93], as a result, the growth method might result in ring defects that are not instigated
by defects having similar defect energy levels.
The studied n-type six-inch Cz-Si wafers feature a resistivity of 2.8 Qcm and a final
thickness of 140 Vtm. The NOC samples originate from one 180 .Im wafer from the top of the
ingot, which is cut to pieces 4 cm

x

5 cm large equidistant to the center. Three Cz and three NOC

silicon wafers are studied: (1) one is left in the as-grown state, (2) one is subjected to phosphorus
diffusion gettering at 860'C, and (3) one is subjected to the same phosphorus diffusion followed
by thermal oxidation at 1000 C. After removal of both the thermal oxide layer and diffused region,
all samples are passivated with a silicon nitride layer deposited by plasma-enhanced chemical
vapor deposition (PECVD) at 250'C on both sides. The photoluminescence intensities under
varied injection conditions are measured for temperatures between 25'C and 160'C (200'C for Cz
Si samples) using a 1 megapixel CCD luminescence imaging setup. The PL images are calibrated
to lifetime images with a self-consistent modulated PL measurement [94] at the corresponding
temperature. A schematic of the PL setup is shown in Figure 3-1.
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Camera

Laser

A
Temperature
controlled stage
Figure 3-1: Temperature- and injection-dependent photoluminescence imaging setup up in a black chamber.

Figure 3-2 below, shows PL images, taken at different temperatures and 1 sun equivalent,
of the Cz-Si wafer that was subjected to both the PDG and thermal oxidation. It clearly shows the
effect of wafer temperature on the PL intensity of the defect, wherein the PL intensity increases
and the ring defect fades away with increasing temperatures. In fact, at higher temperatures the
bandgap is shrunk and the defect energy level becomes outside the bandgap and its impact on the
PL signal becomes negligible [95]. A similar effect is shown in Figure 3-3 for a NOC silicon wafer
subjected to the same PDG and thermal oxidation processes.
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Figure 3-2: Photoluminescence images of the Cz silicon wafer subjected to PDG and thermal oxidation at
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equivalent and (a) 25'C, (b) 55*C, (c) 80*C, (d) 100 C, (e) 1201c, and (f) 150 C
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Figure 3-3: Photoluminescence images of the NOC silicon wafer subjected only to PDG at I sun equivalent and
0
(a) 25*C, (b) 55*C, (c) 801C, (d) 100*C, (e) 120*c, and (f) 150 C
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It is possible to cover a wide injection range in the PL measurements via variation of the 790 nm
laser illumination intensity between 0.0002 and more than 10 sun equivalents. The charge carrier
lifetime in the edge regions of the n-type Cz Si wafers increases with the phosphorus diffusion,
whereas in the center it drops significantly after additional oxidation and low lifetime rings become
visible in the measurements at 25*C (see Figure 3-4).
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@~2O 0 *C

(d~Cz after P-Diff.

xd

0 *OOC

T [P~S]
7000

~60O
5000
4000

1000

ANN&

0

Figure 3-4: Minority carrier lifetime images under 0.01 sun equivalent illumination of (a) Cz silicon wafer
subjected to phosphorus diffusoin measured at 25 0C, (b) Cz silicon wafer subjected to phosphorus diffusion
and thermal oxidation measured at 250 C, (c) Cz silicon wafer subjected to phosphorus diffusion measured at
0
200 0C, and (d) Cz silicon wafer subjected to phosphorus diffusion and thermal oxidation measured at 200 C.
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The injection-dependent lifetimes of the oxidized sample, averaged in the defect region marked
with a green rectangle in Figure 3-4 above, are shown in Figure 3-5 for temperatures ranging from
25'C to 160'C. Following the notation of Murphy et aL. [83] the lifetime of n-type samples is
_ , with the excess
plotted
carrier over
concentration
the ratio to holes and electrons Y =

n

~

no +An'

An and the doping concentration no. In this notation, the lifetime of a single SRH defect is linear
which simplifies the analysis. Despite correcting for the Auger recombination influence [84], the
injection-dependent lifetime at 25'C has an increasing and a decreasing injection regime, as
apparent from Figure 3-5. This indicates the necessity of assuming two SRH defects to describe
the lifetimes measured at the circular low lifetime region, denoting the ring defect. SRH lifetimes
in both the low and the high injection regimes increase with temperature in the circular low lifetime
region.

(a)

6
SRH lifetime
S 25*C + 120*C
E 4

0-

0.0

*

E*

* 55"C * 160'C
775*C*,

0.2

0.6
0.4
Y=In/(An+n,)

0.8

1.0

Figure 3-5: Averaged injection-dependent minority carrier lifetime at different temperatures in the Cz silicon
wafer subjected to phosphorus diffusion and thermal oxidation. The average is calculated from the green area
marked on the wafer in Figure 3-4.

As a result, the contrast in the images related to the circular distributed defects becomes less
pronounced with increasing temperature and the rings vanish completely at 200'C in the whole
injection regime (see Figure 3-2). The significant change in the injection-dependent lifetime is a
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first indication that the energy levels of the defects are not in the middle of the bandgap [83]. The
NOC samples are even more affected by the thermal oxidation step than the Cz silicon samples
(Figure 3-6). The lifetime drops by more than one order of magnitude after oxidation. Besides the
very low lifetime rings, the surface microstructure becomes visible in the PL images.
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Figure 3-6: Minority carrier lifertime images under 0.01 sun equivalent illumination of NOC silicon wafers (a)
subjected to phosphorus diffusion measured at 250 C, and (b) subjected to phosphorus diffusion and thermal
oxidation measured at 25 0 C.

The average injection-dependent lifetime in the center part labelled by the green square in Figure
3-6 is plotted for different temperatures as shown in Figure 3-7. Despite laser intensities of around
8 sun equivalents, the charge carrier ratio Y < 0.4 due to the low lifetime of the sample. As a
consequence, the measurement on NOC silicon samples is less sensitive to shallow defects, which
become more important at high injection levels. In contrast to the lifetime of the lower doped Cz
Si sample (that decreases for Y > 0.2), the lifetime of the NOC Si sample increases in the whole
measured injection regime. Thus, we can exclude a strong lifetime limitation of the defect found
in the Cz Si sample which caused a decreasing lifetime at high injection although we are not able
to reach Y > 0.5 in the NOC Si sample. Nevertheless, two SRH defects with different slopes can
be identified from the injection-dependent lifetime.

58

0.020

I

I

E
a)

E 0.015

"Ae

A

a)
M.

e

0.010

A

etme

SRH Iifetime

M

0C
**

0C
75 0C
5

."

A

* 1E 0C

0.005 1

0.0

I

I

0.4

0.2
)

Y=An/(An+n 0

Figure 3-7: Averaged injection-dependent minority carrier lifetime at different temperatures in the NOC wafer
subjected to phosphorus diffusion and thermal oxidation. The average is calculated in the area inside the green
box shown in Figure 3-6.
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3.4.2 Determination of the Defect Fingerprint

On the Cz-Si wafer, the area outside the low lifetime rings features charge carrier lifetimes
in the order of several milliseconds and is mainly limited by surface and Auger recombination for
all investigated temperatures and injection levels. To compute the SRH lifetime limitation due to
the circular distributed defect, corrections for the effect of surface and Auger recombination are
implemented using the lifetimes in the unaffected areas of the wafer, assuming lateral homogeneity
of these recombination channels. The measured lifetime of the NOC Si sample is corrected by
Auger recombination according to the model of Richter et al. [84]. The resulting SRH lifetime is
fitted for the different temperatures and the characteristic defect parameters

at every pixel which
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represents a fingerprint for impurities independent of the impurity concentration are determined
for n-type Si:

[82]. The defect fingerprint
=_

SRH

aY

/ tim
-1

n, and p, are the SRH densities and

TSRH

Q=

Q+1

ah

no

nQ+p
Q+1

(Eq. 21)

(also denoted k in literature) is the ratio of the capture

cross-sections for electrons (ae) and holes (ca). In the analysis, it is assumed that the lifetime at a
specific temperature is dominated by two independent SRH defects. The analysis enables the
detection of more than two defects as long as their critical temperatures [77], i.e., the temperature
at which the low injection recombination rate of the respective defect starts changing drastically,
are well enough separated and the defects dominate the lifetime at different temperatures. If more
than two defects are comparably dominant at a given temperature, the fitting can be altered,
allowing more defects as discussed in Ref. [82]. In Figure 3-8 and Figure 3-9, the resulting

maps

for defect A and defect B of the analyzed Cz silicon sample, and NOC silicon samples respectively,
can be found for various temperatures. Pixels in which the fit is not converging or the analysis
could not be applied are grey in the figures.
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Figure 3-8:
area

maps for SRH defects A and B obtained for the Cz silicon wafer at different temperatures. The

outside the ring defect is not considered in the analysis and is marked in grey. Other grey pixels indicate

that either the fit or the analysis were not successful (potentially because of Auger recombination dominance)
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Figure 3-9:

(

maps for SRH defects A and B obtained for NOC silicon wafer at different temperatures.

The f values decrease with increasing temperature as expected from theory [82]. However,
below a critical temperature T* the defect parameter n is almost constant, e.g., fA in the NOC Si
sample is constant below 75*C. The

.

value close to 1 of defect A in the Cz Si sample is an

indication that the critical temperature is close to 25*C. In both samples the critical temperature
for defect B could be equal to or smaller than 25'C. Although measured lifetimes dominated by
Auger recombination are not considered in the SRH fits, the procedure becomes less robust in
areas with weak defect limitation and thus strong influences of surface or Auger recombination.
This leads to the least unambiguous results in areas featuring high lifetimes, e.g., the results for Cz
Si at 120*C, a temperature at which the circular distributed defects are only slightly visible due to
low recombination activity. For this reason, the analysis concentrates on the inner part of the Cz
Si wafer, i.e., the center region and the surrounding rings in the following analysis, marked with a
green dotted circle in Figure 3-4. Two regions with slightly different f for defect A can be
distinguished in this area: the low lifetime center of the wafer and the surrounding ring area. In the
low lifetime center of the Cz Si sample the f values of both defects decrease with every
temperature step. Interestingly, the f values at surface scratches differ significantly from the
surrounding area. Although the rings are also visible in the f maps of the NOC Si sample, the maps
are more homogeneous than the f maps of the Cz Si sample.
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3.4.3 Determination of the Defect Energy Levels
In the next step the evolution of

with temperature is analyzed to determine the energy

level and the ratio of the capture cross sections. For every pixel, the lowest temperature T
with A (T) := .(298K) -

(T) > CThreshold is determined.

CThreshold is an empirical parameter, which represents the sensitivity of the method on lifetime

variations. A value of 0.03 for CThreshold is used in the presented analyses. For very low CThreshold
measurement uncertainties might falsify the results, whereas for values > 0.05 other recombination
channels might influence the results and the accuracy of the analysis decreases. The value A (T*)
with the lowest temperature is used for further calculations.
(298K + AT) < CThreshold the second term in Eq. 21, i.e., n1

Given the case that (298K) -

and pi, can be neglected for 298K and the ratio

Q of the capture

cross-sections for electrons (ae)

and holes (oh) for n-type Si can be estimated as:
Q(298K) ~1(298K)
(298K)

(Eq. 22)

The criterion is only fulfilled for the NOC silicon defect A as the critical temperature in this case
is larger than 298 K. For the other defects, Eq. 22 determines an upper limit of Q (lower limit for
p-type). For negative

(298 K) due to a dominant n1 or p, term, e.g., Cz defect B, Eq. 22 cannot

be applied at all. However, even the upper (p-type Si: lower) limit can be very helpful for the
identification of defects. For the Cz defect A, Q is smaller than 0.1 and in the rings outside the
center even

0.001 (Figure 3-10). Thus, the defect which was named Cz defect A in this study is

not the same as the SRH defect 1 of oxide precipitates with Q = 157 identified by Murphy et al.
[83], [96]. However, Cz defect A might be the SRH defect 2 of oxide precipitates with Q = 1/1200
identified by Murphy et al. For the NOC sample a mean
range as the Cz defect and a mean

QDefect B

QDefect A=

0.01, which falls in the same

14 are measured. As a next step the trap levels are

compared with the literature values.
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Figure 3-10: Ratio of capture cross-section for the Cz defect A and the NOC defects A and B. The Cz defect A
and the NOC defect B give only a maximum value for Q. The f value of the Cz defect B is already negative at
room temperature which impedes the calculation of a

A strong decrease of

Q value using Eq. 22.

with increasing temperature, i.e., A (Y) > CThreshold, can be caused either

by the SRH density nj or pl. If a possible temperature dependence of the capture cross sections
and thus

Q is neglected,

nj in n-type silicon can be calculated as follows:
ni =

)<(T*)

(*

1- (298K)

for nj >> pi

x no

(Eq. 23)

And
"

A (T*)

P(298K)

for pi >> ni

(Eq. 24)

Finally the trap level Et can be expressed as:
Ec - Et = - In

nC(T*) X k, T*

for nj >> pi

(Eq. 25)

for p1 > n1

(Eq. 26)

Or
Et - Ey = - =
P* x kBT
..In n(7))xkT
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Where Nc and Nv are the density of states at the conduction and valence band edge, respectively.
For

(298 K) -

(T 2 )

> CThreshold,

i.e., if the trap level of the defect is quite shallow, only a

highest possible distance of the energy level Et from Ec or Ev for every temperature T with (ntype Si) can be calculated:
Ec - Et 5 - In

( (T)xno

x kBT

for nj >> p,

x kBT

for p, >> n1

(Eq. 27)

Or
- In (f
(

(T)xno
NV (T)

(Eq. 28)

)

Et - Ev

and assume the most shallow level for the images. In principle the energy level Et as well as
capture cross-section ratio

Q

can also be determined from the temperature dependence of ' [81].

However, an exponential fit of n values determined at only few temperatures is error-prone and
thus additional temperature-dependent measurements on a wide temperature range would be
necessary. The trap levels of the defects in the Cz and the NOC samples are shown in Figure 3-11.
From the capture cross-section ratios values found, it is concluded that defect A in both the NOC
and Cz sample could be the SRH defect 2 for oxide precipitates found by Murphy et al. [83], which
is in the lower band-half.
With the same argument, defect B is assumed to be defect 1 of oxide precipitates, located in the
upper band-half. Thus, focusing on the images marked with a green rectangle in Figure 3-11 the
following defect energy levels are attributed to the ring defect in Cz silicon wafers: For defect A
in the Cz sample Ec - Et = 0.18 eV in the center and a shallower trap level at Ec - Et-0.07 eV
in the rings outside the center are found, and for defect B in the Cz silicon sample only an upper
limit of the trap level is extracted at Et - Ev 5 0.24 eV.
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Figure 3-11: Trap levels of the defects in the Cz silicon wafer for the two possible cases, ni>>pl and pi>>ni. If
we assume the defects are related to oxide precipitates we can concentrate on the images marked with a green
rectangle from the Q analysis. The images for defect B show the maximum energy levels.

The defect parameters found in the Cz samples are in good agreement with the SRH defects
associated with oxide precipitates. Especially the (arithmetic) averaged values in the ring structure
surrounding the center of the Cz sample (defect A: Ec - Et- 0.07 eV and QA

0.001; defect B:

Et - EV 5 0.24 eV) are in very good agreement with Ec - Et = 0.08 eV having Q = 1/1200 and
Et - Ev = 0.22 eV having Q = 157 found by Murphy et al. [83]. In the center of the Cz wafer the
trap level of defect A seems to be slightly deeper. The SRH parameters found by Murphy et al.
[83] were extracted from quasi-steady state photoconductance (QSSPC) measurements. Thus
slight deviations from the spatially resolved analysis are expected due to the averaging over a large
area of the QSSPC method [94]. It is worth noticing that in Ref. [83] a slightly increasing lifetime
with injection density was measured at low injection in a n-type sample too (e.g., Fig. 2(a) in Ref.
[83]), which is a hint for a slightly deeper trap level. In this analysis the temperature dependence
of the capture cross-sections found for both defects in Ref. [83] is neglected. If the temperature
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dependence found in Ref. [83] is assumed, a slightly shallower defect A and a slightly deeper
defect B is estimated. With the temperature dependence A for defect A could be

-

0.003 higher

and ~ 0.005 lower for defect B in Eq. 23 and Eq. 24, which is small compared with other
uncertainties.
For the defects in NOC silicon (Figure 3-12), a mean value of Ec - Et = 0.22 eV for defect A and
Et - Ev 5 0.31 eV for defect B are found. Both trap levels differ significantly from the ones found
for the Cz silicon defects (especially outside the Cz center) and the oxide precipitates studied by
Murphy et al. This reflects the missing decreasing slope in the injection dependent SRH lifetimes
curves of the NOC sample.
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Figure 3-12: Trap levels of the defects in the NOC silicon wafer for the two possible cases, nI>>pl and pI>>nl.

oxide precipitates we can concentrate on the images marked with a green
rectangle from the Q analysis. The images for defect B show the maximum energy levels. Grey pixels indicate
areas where either the fit or the analysis were unsuccessful (due to Auger recombination dominance).
If we assume the defects are related to
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3.5 Comparison and Conclusions
The technique of temperature- and injection-dependent photoluminescence imaging is
extended to high temperature PL measurements of up to 200'C to be able to carefully study even
deep defects in silicon. The technique allows the determination of the trap levels and the ratio of
the capture cross-sections of different defects in one sample, and enables the identification of these
lifetime limiting defects. The circular distributed defects causing inhomogeneity in lifetime across
the wafer area and resulting in performance loss in both n-type Cz silicon and NOC silicon wafers
were atudied. The differences between the defect parameters found in the Cz samples (50.24 eV
above the valence band and depending on the wafer position 0.04-0.2 eV below the conduction
band) and literature values for homogeneously generated oxide precipitates [83] are within the
uncertainty range of the method. This strongly supports the assumption that the defects in the low
lifetime rings of the investigated Cz are decorated oxide precipitates similar to those in Refs. [83]
and [97]. In contrast the trap levels found in the NOC sample ( 0.3 1 eV above the valence and
0.22 eV below the conduction band) differ significantly from the values for Cz and the ones found
in Refs. [83] and [97], although the formation of the defect and the ring like structure are strong
indications for oxide precipitates, too. The significantly different defect levels could be explained
by a different morphology and/or impurity decoration of the oxide precipitates. If this hypothesis
is true then the idea of Murphy et al. [83], [97]that all oxide precipitates in Cz silicon can be
described with the same defect parameters is not viable for silicon fabricated by other methods.
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CHAPTER

MICROSCALE
CHARACTERIZATION
4.1 Copper Contamination
In this thesis, copper contamination is used as a way to mark the bulk defects in question so
that they could be imaged indirectly through the copper signal, allowing investigations of their
distribution and density. As a known fast diffuser, copper can be easily introduced in silicon
wafers. The solubility of interstitial copper in silicon decreases with increasing temperature
resulting in almost all the copper in interstitial positions within the silicon bulk to either
precipitate in the bulk or diffuse back out to the surface upon cooling.
Although copper atoms in the interstitial positions have low impact on electrical properties,
copper precipitates introduce defect energy levels near the middle of the bandgap, exceptionally
reducing the minority carrier lifetime and hence the diffusion length [98], [99]. In a perfect
crystal, copper precipitation is unfavorable due to the lower diffusivity of self-interstitial ejected
upon precipitation, inducing large lattice strains, multiplied by the energy associated with the
change in charge state of copper upon precipitation. However, at higher copper concentration,
the chemical driving force overcomes the barrier for precipitation, increasing the chances of
copper precipitation in silicon. Additionally, the presence of nucleation sites, such as oxide
precipitates and their associated stacking faults, dislocation loops, facilitates copper
precipitation even at lower copper concentrations [99]-[102].
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4.1.1 Sample Preparation
Three double-side polishedp-type silicon wafers with a doping level of 9xlO' 4 cm- 3 and a (100)
crystal orientation are used. The bulk micro-defect density in these samples is between 2.4x1 010
and 3.2x1010 cm-3. The samples are cleaved into lxI cm 2 samples and etched to remove about 5
jim from the surface on each side, reaching a sample thickness of 600 pim, before being subjected
,

to a RCA clean. A copper chloride solution is prepared from copper (II) chloride dihydrate (CuCl 2

2H 20) from Sigma Aldrich, with a concentration of 0.5 mol/liters and the samples are dipped in it
for 30 seconds before they are left to air dry. Each sample is then annealed in a tube furnace at a
different temperature, namely 700'C, 900'C and 1 0000 C respectively, for 30 seconds. Given the
high diffusivities at these temperatures and time, copper is expected to diffuse up to 648 ptm at
700 0 C, 778 jim at 900'C and 835 jim at 10000 C within 30 seconds, all of which are larger than
the thickness of the samples in question (2 = VfZth), indicating that copper has enough time to
diffuse to a precipitation site within the wafer bulk [100], [103]. All samples undergo similar air
cooling while extracting them from the tube. The cooling rate is estimated to be around 250 C/s.
Finally the samples are etched and cleaned to remove any remaining copper on the surface. A 1 x 1
cm2 piece of n-type Cz silicon with a thickness of 160 jim exhibiting swirl defect is subjected to
the same exact sample preparation and copper contamination described above with an in-diffusion
temperature of 700"C.
Fourier transform infrared (FTIR) spectroscopy is performed on the p-type silicon samples
contaminated at 700'C, 900'C, and 1000 C as well as a control sample that was not contaminated
with copper and hence was not subjected to any high temperature anneal as shown in Figure 4-1.
The FTIR results show no change in the interstitial oxygen peak at 1107 cm-1 in all four spectra
suggesting that the high diffusion temperature for copper drive-in did not dissolve a significant
amount of oxygen-related defects in any of the samples in question, and the oxide-related defect
density is expected to remain in the 2.4x1010 - 3.2x 1010 cm-3 range.
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Figure 4-1: FTIR spectra for all samples contaminated with copper with varying drive-in temperatures,
700*C, 900*C, and 10000C along with a control sample that was not contaminated.

4.2 Synchrotron-based p-X-Ray Fluorescence
Synchrotron-based micro X-ray fluorescence spectroscopy (p-XRF) is a well-established
method used to identify and map in a spatially-resolved manner elemental distribution of transition
metals in crystalline silicon. Advanced high energy nano-probes with tunable wavelengths and
high-flux photon beams with spot sizes of 200 nm or less can enable a detection limit down to 101
atoms/cm 3 in silicon wafers [99], [104]-[108].

4.2.1 Contamination Control using IC-grade Cz-Si Samples
Synchrotron-based p-XRF and micro x-ray absorption near edge spectroscopy (pt-XANES)
are performed at Argonne National Laboratory's Advanced Photon Source Beamline 2-ID-D using
an incident X-ray beam with an energy of 10 keV. A step size of 220 nm, a dwell time of 100 ms
per spot are used to map areas of 50x50 pim 2 using the flyscan mode [109]-[111]. The theoretical
minimum detection limit is calculated from NIST standards 1832 and 1833 measured at the exact
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experimental setup as the respective samples and the results are used to compare detected
precipitates to the noise floor. For i-XANES measurements of Cu, CuO, Cu20, Cu3Si, and Cu5 Si
standards are acquired for comparison [99].
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Figure 4-3: Nano X-ray fluorescence spectroscopy results on two separate precipitates from the sample
intentionally contaminated with copper in-diffused at 700 0C.

Figure 4-2 shows the copper channel of a pt-XRF map collected from 50x50 pm 2 for each
of the three samples discussed above. The results show that the contamination method is very well
controlled, since only copper is detected whereas other transition metals to have potentially been
incorporated show below noise level counts on their respective channels. At 1 0000 C drive-in
72

temperature, 165 copper precipitates are detected with a dominant platelet shape, reminiscent of
previous results showing similar copper precipitate shape when copper was driven into silicon
samples at 1050'C [102]. The precipitates have a preferential crystallographic orientation, an
evidence that precipitation is facilitated by strain minimization and the presence of bulk defects
acting as nucleation sites for copper precipitates [112], [113]. Given the information depth of CuKa XRF emission of about 13 pm, based on the experimental setup, the volumetric density is
calculated to be 5.2 x 109 precipitates/cm 3 . At a drive-in temperature of 900'C, 395 copper
precipitates are observed exhibiting a mix between platelet and point-like shapes, and the
calculated volumetric density is 1.2 x1010 precipitates/cm 3 . The third drive-in temperature of
700'C yields 700 detected copper precipitates that are above the minimum detection limit. This
corresponds to a volumetric density of 2.2 xl010 precipitates/cm 3 . The numbers of detected
particles and the corresponding volumetric density are presented in Table 4-1. Figure 4-3 shows
zoomed-in maps of the Cu K-edge channel, of two different precipitates found in the sample
intentionally contaminated with copper in-diffused at 700'C. This data was collected from 26 IDC Advanced Photon Source beamline at Argonne National Laboratory.

Table 4-1: Detected particles and calculated volumetric density of oxygen-related bulk microdefects in all three
samples

1000 0C

9000 C

7000 C

Number of precipitates

165

395

700

Volumetric density (cm- 3)

5.2 x 109

1.2 x 1010

2.2 x 1010

Synchrotron-based micro X-ray absorption near edge spectroscopy (p-XANES) is an element
specific technique. The absorption of an energy greater to or equal to the binding energy of a core
electron, results in an edge. The region of this rising edge is used to identify the charge of the metal
center, the geometric structure among other information that make these edges a fingerprint of the
electronic structure of a given precipitate [114], [115], in our case the detected copper precipitates
by p -XRF.
Figure 4-4 shows g-XANES data measured on 3 distinct copper precipitates detected in pt-XRF.
p-XANES measurements combined with p -XRF suggest that bulk micro-defects act as nucleation
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sites for copper precipitates rather than these bulk microdefects being decorated by copper atoms
filling interstitial positions in the silicon crystal. Cu3Si phase, the most energetically favorable
form of copper precipitation in silicon [116], [117], is found for two of the measured precipitates,
while one of the measured precipitates appears to follow a copper oxide chemical state. This
particle is hypothesized to have formed at the surface either by out-diffusion or by decorating a
defect close to the surface and subsequently being oxidized as a result. A third possibility is drift
causing the beam to have moved away from the particle in question, dropping the signal and
showing an erroneous edge closer to CuO chemical phase. These observations and postulations
are in agreement with previous studied on copper precipitation in silicon wherein it was found that
copper in the presence of silicon and a much lower concentration of oxygen, tends to form stable
bonds with Si atoms rather than 0 atoms, which results either in non-oxidized silicon-rich
precipitates, out-diffusion back to the surface, or in copper remaining in the interstitial state is
solubility allows it [99], [118], [119].
As a result, to measure the size of these precipitates in the bulk, the chemical state that was assumed
for all detected copper precipitates in the bulk is Cu3Si. Figure 4-5 is a histogram plot of the copper
precipitates versus precipitate size in all three samples contaminated with in-diffusion
temperatures of 1 0000 C. The volumetric density is found to increase with lower in-diffusion
temperature with 700'C resulting in copper precipitates very close to the vendor's information
regarding bulk microdefect density of 2.2 - 3.2

x1010

cm-3 . Such an observation has been seen

previous where intentionally contaminated Cz silicon wafers exhibited lower density of large metal
precipitates after higher temperature annealing than after lower temperature annealing [66], [112].
As more bulk defects are thought to be marked by copper at 700'C, this is will be the in-diffusion
temperature for the subsequent ring defect samples.
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Figure 4-5: Histograms of precipitate radii in the samples contaminated with copper with an in-diffusion
temperature of 1000 0C(dark blue), 900 0 C (blue), and 7000 C (light blue) respectively.
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4.2.2 p-XRF Results on PV-grade n-type Silicon Samples
A sample exhibiting ring defect follows the same intentional contamination process
described in section 4.1 at 700'C in-diffusion temperature. The sample is a laser-cute 2x2 cm 2
piece of a larger wafer processed in such a way that ring defects were observed. A
photoluminescence image of the sample labelled "6f" is shown in Figure 4-6. Two small rectangles
labeled "a" and "b" mark two areas that were mapped at Argonne National Laboratory's Advanced
Photon Source Beamline 2-ID-D using an incident X-ray beam with an energy of 9 keV. A step
size of 220 nm, a dwell time of 100 ms per spot are used to map areas of 50x50 im 2 using the
flyscan mode [1 09]-[ 111]. The theoretical minimum detection limit is calculated from NIST
standards 1832 and 1833 measured at the exact experimental setup as the respective samples and
the results are used to compare detected precipitates to the noise floor. No copper or any other
transition metal was detected in area "a" lying outside the ring defect (see Figure 4-6a), and hence
in a high lifetime region in the millisecond range. The postulate that no transition metal is present
in this area above the detection limit of the technique to be seen. Moving to area "b" without
changing anything in the experimental setup, Figure 4-6b shows the copper K-edge and iron Kedge channels. Some of the detected particles show co-precipitation of iron and copper at specific
locations, others show either copper or iron precipitates. Figure 4-7 shows both copper K-edge and
iron K-edge channels for an IC-grade Cz silicon sample that was contaminated as the same exact
time as the sample shown in Figure 4-6. In the IC-grade sample, only copper is detected while iron
concentration is below the detection limit, if at all present. This result, leads us to believe that the
iron present in the ring defect in sample "6f' was not introduced mistakenly during copper
contamination but was already present in the sample after PDG and thermal oxidation. Iron would
have been internally gettered to the bulk microscopic defects causing the lifetime-limiting ring
defect profile. Internal gettering to bulk defects has been extensively studied in the IC industry as
a beneficial process that getters transition metals to oxygen-related defect controllably grown in
the bulk of the wafers to for a denuded zone in the active layer of the devices [58], [59], [120][122]. In PV-grade silicon, internal gettering is a detrimental phenomenon, as iron and other
transition metals are desired to be externally gettered to a dopant-rich layer, before being etched
away, so as to remove any large concentrations of transition metal in the bulk that limit the bulk
lifetime, as the whole thickness of the silicon wafer acts as the active layer in solar cells [70],
[105], [107], [109], [123].
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Figure 4-6: (Left) PL image of a 2x2 cm2 silicon exhibiting ring defect. Areas (a) and (b) are labelled for a
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Figure 4-8: Histograms of precipitate sizes in the sample exhibiting swirl defect and contaminated with copper
with an in-diffusion temperature of 700 0C. Light grey shows the precipitate size distribution for the very few
copper precipitates detected within region "a" outside the ring defect. Dark grey shows the precipitate size
distribution within area "b" inside the ring defect.

The histogram plot in Figure 4-8 shows the distribution of the detected copper precipitates in both
areas "a" and "b'. The total number of copper precipitates detected within the ring defect adds up
to 86, which translates to a volumetric precipitate density of about 4.4 x 1 09 cm-3. Based on the
previous results on IC-grade Cz silicon samples, this would result oxygen-related defects within
the ring defect with a density of at least 4.4 x 109 cm-3 . Whereas outside the ring defect, the oxygenrelated microdefects are expected to be much lower than this to non-existent at all.
Figures 4-9 and 4-10 are energy spectra from the mapped samples in Figures 4-6 and 4-7,
respectively. Figure 4-9a shows the energy spectrum of the mapped area outside the ring defect,
with a copper peak labeled in blue. In comparison Figure 4-9b shows the energy spectrum of the
mapped area inside the ring defect, displaying multiple peaks representing iron (labeled in red),
nickel (labeled in grey), and a much larger peak of copper than that shown in Figure 4-9a. The
associated control silicon wafer's energy spectrum shown in Figure 4-10 shows no peaks for either
iron or nickel, and a small peak associated with the intentionally in-diffused copper labeled in blue.
These energy spectra again support the hypothesis that the oxygen-related defects in the swirls act
as efficient gettering sites to copper that was intentionally introduced in the samples, but also to
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iron and small traces of nickel that were present in the samples and were not able to be externally
gettered by the PDG process.
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Figure 4-9: Energy spectra of (a) map of the area inside the swirl defect and (b) the area outside the swirl defect.
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4.3 Electron-Beam Induced Current
EBIC / pt-XRF enables one to obtain a direct correlation between the recombination
properties of the defects and their chemical structure. The minority carrier diffusion length is
determined from the charge collection efficiency, measured at a p-n junction or a Schottky diode
fabricated on the wafer surface. Electron beam induced current measurements provide information
on local minority carrier lifetime properties. The measurement consists of an electron beam
scanned across the surface, exciting free carriers in a silicon-based Schottky diode, and the
collected current is measured from an image of the electrically active defects [124], [125]. The
electrical contacts are connected to an external circuit where the signal is amplified. The amplifier
converts the EBIC signal into voltage signal. This voltage signal is then digitized at 16 bits in order
to generate EBIC maps. The free carriers that reach the contacts are measured by the circuit. Using
the SEM, the electron beam is scanned across an area of the sample, providing a spatial map
showing relative difference between low and high minority carrier lifetime regions.
EBIC has an advantage over techniques such as XBIC, wherein EBIC has a penetration depth of
the impinging electron beam that is below 10 micrometers, while x-ray beam used in XBIC
penetrates through the whole thickness of the silicon wafer (~ 300 micrometers), which results in
a better lateral resolution in EBIC compared to XBIC.

4.3.1 Sample Preparation and Methods
For EBIC measurements, diodes have been prepared from the same samples measured with
pt-XRF. For p-type silicon, samples are cleaned then etched in hot nitric acid at 80'C for about 10
mins to grow a chemical oxide. Subsequently, a 30 nm thick aluminum layer is thermally
evaporated by resistive heating to form the Schottky diode. For this deposition, a Sharon thermal
evaporator equipped with three evaporative sources is used. The sources are controlled by a 2.5
kW power supply, and only one source with aluminum precursor is used. The film thickness is
monitored using a quartz crystal, and the base pressure is on the 10-7 Torr range reached using
cryogenic and oil-free roughing pumps. For n-type silicon samples, they are dipped in HF (10%
HF 90% DI water) to remove the native oxide. Once the sample is completely hydrophobic, a 20
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nm thick layer of gold is directly deposited using e-beam evaporation. For this deposition, a Denton
e-beam evaporator is used with a base pressure reaching the 10-7 Torr range.
Electron-beam induced-current (EBIC) is performed on the Schottky diodes using a Helios
NanoLab 600, FEI dual focused Ga-ion beam / scanning electron beam microscope system.
Gallium / Indium paste is used to provide the resistive back contact, and the sample is connected
to the EBIC circuit using two terminal feedthrough cables. At this stage the sample is tested for
rectification and diode properties to make sure no shunts are present, and that good contact is
achieved. The varied accelerating voltage determines the variation in the penetration depth of the
exciting electron beam and hence allows mapping the defects in three-dimensions, which is not
possible using p-XRF alone. Monte Carlo simulations for two different Schottky diode structures
Al/SiO2/p-type Si and Au/n-type Si are shown in Figure 4-11. The deeper the penetration depth,
the lower the spatial resolution, as the distribution curves become wider with higher accelerating
voltages. Depending on the diode, a compromise between depth information and spatial resolution
is sought.
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-Figure 4-11: Monte Carle simulation showing the excited depth within the diode made from Al/SiO2/Si at
different electron beam energies.
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4.3.2 EBIC and TEM Depth Correlation
The dark contrast related to increased non-radiative recombination activity at bulk defect extends
away from the defects with an exponential decay, reflecting the diffusion length of minority charge
carriers. Contrast of defect relates to recombination strength and can be measured from such
images as a quantified electron-induced beam current [126]-[128].
Plan-view EBIC data, as shown in Figure 4-12, represents local areas with low diffusion lengths
in blue, and areas with longer diffusion length in red. This information is averaged over a few
micrometer below the surface of the silicon wafer based on the simulation results shown in Figure
4-11. By locating a highly recombination active spot, and depositing in-situ tungsten protective
layer over that spot, a transmission electron microscope sample can be removed out of the sample
/

(method described in section 5.3) using a Helios NanoLab 600, FEI dual focused ion beam

scanning electron beam microscope. The TEM lamella shows cross-sectional information, below
the located spot in EBIC (as shown in the extracted portion to the right in Figure 4-12).

Figure 4-12: Schematic showing the relationship between the EBIC and the TEM images reported
subsequently. EBIC give plan view information averaged over the excitation depth of the beam, and TEM
images give a cross-section image.
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Figure 4-13 shows a TEM lamella with a low magnification, in such a way that the sample surface
and the defects of interest can be observed. The depth of these defects falls within the range of
excited depth in the silicon sample expected from the Monte Carlo calculations shown in Figure
4-11, as the accelerating voltage of 10 kV was used in the EBIC experiments.
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Figure 4-13: Low magnification conventional TEM micrograph showing the depth of the detected defects from
the silicon surface.

4.3.3 EBIC and TEM Results on p-type IC-grade Samples
Figures 4-14 and 4-15 show EBIC results measured at 10 kV from both p-type sample
contaminated with copper in-diffused at 1 0000 C and 700'C, respectively. From each EBIC image,
a spot with low EBIC signal, which corresponds to a spot with strong recombination activity, is
localized and marked by tungsten deposition on the surface covering the rectangles shown in
Figures 4-14 and 4-15. TEM lamellae are lifted-out of these samples, thinned down to below 200
nm, and cleaned using a NanoMill 1040 equipped with an ultra-low energy concentrated argon ion
beam (more details on TEM sample preparation method used are described in section 5.3). The
lamellae are then imaged using a JEOL 2100 TEM equipped with a LaB6 electron source, at an
accelerating voltage of 200 kV. The associated TEM images with the specified spot from the EBIC
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images are shown in Figure 4-14 and 4-15. IC-grade Cz silicon, processed in a controlled way to
grown oxygen-related defects in the bulk at a specified density, exhibit dislocation loops with a
preferential crystal orientation, and a precipitate below 100 nm in size was also found.
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Figure 4-14: An EBIC image from the p-type silicon sample contaminated with copper at a 10000C drive-in
temperature showing the high recombination area that is milled out of the sample for TEM imaging. The TEM
micrographs show the defects present in the lamella thinned down from the marked region wherein a
dislocation loop with a nearby precipitate and another dislocation loop are detected.
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Figure 4-15: An EBIC image from the p-type silicon sample contaminated with copper at a 7001C drive-in
temperature showing the high recombination area that is milled out of the sample for TEM imaging. The TEM
micrograph show a dislocation loop detected in the lamella thinned down from the marked region.
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4.3.4 EBIC and TEM Results on n-type Ring Defect Sample
EBIC measurements are performed on the same n-type silicon sample that was measured
with V-XRF in Figure 4-6. Figure 4-16a shows the EBIC signal of an area scanned outside the ring
defect, and Figure 4-16b is an EBIC signal image of an area mapped inside the ring defect. The
area outside the ring defect has a higher EBIC signal, whereas the area inside the ring defect shows
localized spots with lower EBIC signal and hence a stronger recombination activity displayed in
blue. The SEM image of the corresponding EBIC map, is used to disqualify any surface roughness
effects on the EBIC signal. An overlay of both the SEM and the EBIC data can be shown in Figure
4-17, in which case the lower left corner exhibiting a low EBIC signal was shown to be a surface
effect.
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Figure 4-16: Overlay of a SEM micrograph taken with the secondary electron detector and the EBIC image
for (a) a region inside the swirl defect, and (b) a region outside the swirl defect.

Similarly to the method performed in the previous section, a spot displaying strong recombination
activity is isolated and marked by tungsten protective layer deposition. A TEM lamella is removed,
and the TEM result is shown in Figure 4-17. A precipitate of about 20 nm in size is found close to
the edge of the TEM lamella. No structural defects are found in the PV-grade n-type silicon wafer
within the ring defect, unlike the IC-grade p-type silicon wafers.
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Figure 4-17: An EBIC image from the n-type silicon sample inside the swirl defect region contaminated with
copper showing the high recombination area that is milled out of the sample for TEM imaging. The TEM

micrograph show a precipitate detected in the lamella thinned down from the marked region. No dislocation
loops are detected in any of the imaged samples.

Thresholding of the data in Figure 4-16b using ImageJ, allows the isolation of the highly
recombination active areas. Thresholding is performed using intermodes, which iteratively
smoothes out the assumed bimodal histogram representing the grayscale values frequency in the

image, until two local maxima are present. The threshold then is computed as the average of the
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two local maxima. As shown in Figure 4-18, the red outlines of the detected particles are overlayed,
showing the spots with highest contrast being marked as a defect. Assuming a penetration depth
of about 2 prm at 10 kV accelerating voltage, with the area mapped of 20 x 15 Im 2 , the total number
of the defects counted are 43, which translates to a defect volumetric density on the order of 5 x
.
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Figure 4-18: Overlay of the EBIC image and the particles traced using the intermodes thresholding method

As the defect density is found to be in the 1010 cm- range within the ring defect, it is
subsequently attempted to measure samples displaying ring defects without performing an
intentional copper contamination step. The rationale behind this is, that with the access to a dual
focused ion beam / scanning electron beam microscope, designed to perform high throughput TEM
sample preparation, and knowing that within a ring defect the local defect density is on the same
order of magnitude as the bulk defect density in IC-grade silicon although not localized in these
other samples, one can take a high resolution PL image of a sample with a ring defect, mark it so
one can navigate to the ring defect area with high confidence inside the microscope and perform
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high throughput TEM sample preparation to remove as many TEM lamellae as needed to find
these defects.

4.4 Conclusions
In this chapter, a microscopic study is adopted through the means of synchrotron-based
micro x-ray fluorescence spectroscopy, and x-ray absorption near edge spectroscopy, combined
with electron-beam

induced current and transmission electron microscopy. Synchrotron

measurements are used to identify the success of the copper contamination. It also provides
answers about the internal gettering activity of the ring defect, seen to have acted as sink to
transition metals such as iron, as well as a trace of nickel. The precipitation of iron at the oxygenrelated defects forming the ring pattern is postulated to be the reason behind the lifetime-limiting
effect.
Electron-beam induced current measurements gives depth information about the position
of these defects within a few micrometers deep. Thresholding the EBIC data collected from a
copper contaminated ring defect area, the defect density is estimated to be of the order of 5

x

1010

cm 3 . This larger localized density will be utilized in the subsequent chapter where high throughput
TEM sample preparation is performed to image the defects in a ring area, without copper
contamination.
The conventional TEM micrographs show a difference in the type of oxygen-related
defects present in the PV-grade silicon wafers exhibiting ring defect, and the IC-grade silicon
wafer in which uniform and well-controlled thermal treatment is performed to grow oxygenrelated defects in the bulk. While the IC-grade samples show many dislocation loops at these
marked regions, the PV-grade sample shows only precipitates with no dislocation loops or stacking
faults observed at all.
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CHAPTER

NANOSCALE
CHARACTERIZATION
5.1 Extending the Study to Non-Contaminated Samples
5.1.1 EBIC Limitation
At room temperature, the oxygen-related bulk defects are undetectable in EBIC when the
samples are not intentionally contaminated, irrespective of the density of the oxygen-related bulk
defects. However, it has been shown that after iron contamination performed by in-diffusion at
950'C for 15 mins and fast quenching back to room temperature followed by an annealing at 300'C
for 20 mins in N2 ambient, oxygen-related defects become visible at room temperature. On the
other hand, at lower temperatures about 80 K (-1 93 C), oxygen-related defects become detectable
even without intentional contamination, as shown in Figure 5-1. In fact, following the temperaturedependence of the electron beam induced current contrast, the diffusion length drops drastically
upon cooling [129]. Considering that the diffusion length consists of both a defect-related and
background-related components, it could be written as
2

L

-7-+

L7

(Eq. 29)

where Ldef is the portion of the diffusion length affected by the bulk defects, and Lb the portion
affected by the background.
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Clean dislocations are not active at room temperature, and non-contaminated bulk defects have
low recombination activity at room temperature, which becomes stronger upon cooling down to
80 K as shown in Figure 5-1. These patterns indicate that the defect activity is controlled by
shallow defect energy levels below room temperature [129]. After copper contamination, as
performed in the previous chapter, the recombination activity becomes measurable even at room
temperature indicating that deep centers might be formed at the defects by contamination.
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Figure 5-1: Effect of iron contamination of the EBIC contrast at room temperature. (a) Non-contaminated
silicon sample, (b) contaminated silicon sample, and (c) the temperature-dependence of the EBIC contrast in
both non-contaminated and contaminated samples 11291.

5.1.2 The Defect Density Argument
Since EBIC at room temperature cannot provide meaningful information in noncontaminated samples, and since I do not have access to a cryogenic EBIC system, alternative
ways are to be sought. Photoluminescence imaging has shown that the ring defect covers about
25% of the wafer area in a non-homogeneous way. Synchrotron-based micro X-ray Fluorescence
and EBIC measurements on copper contaminated samples has shown that within the ring defect,
the density of the microscopic defects forming it is comparable to the density of uniformly
distributed oxygen-related defects in the IC-grade Cz silicon wafers (REF), within the 1010 cm 3
range. Combining this information, it could be possible to mark the ring defect area of interest
from a high resolution PL image, and remove several TEM lamellae from that area and still be
able to land on the bulk defects. A dual FIB/SEM system with high throughput TEM sample
preparation capability proves useful for this study.
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5.2

Oxygen-related Defect Imaging in IC-grade Cz Silicon
IC-grade Czochralski silicon wafers have been extensively studied in the past, and the

impact of thermal treatments on the formation of oxide precipitates and structural defects
associated with them has been investigated using high resolution microscopy techniques such as
transmission electron microscopy, energy dispersive x-ray spectroscopy, electron energy loss
spectroscopy, etc. [40], [130]-[135].
These studies have led to several inferences regarding the structure and morphology of the oxide
precipitates. Octahedral precipitates were found to be consisting of a SiO chemical phase, whereas
plate-like precipitates fall between SiOi.8 and SiO 2 . The evolution of the size and density of oxide
precipitates following different thermal annealing times was also studied using HRTEM and smallangle neutron scattering and the density was found to decrease with longer annealing times, which
suggests growth of these precipitates via Ostwald ripening at longer anneal times. The morphology
was also found to be a function of annealing time, even at unchanged temperatures [132], [136].
Similarly, platelet-shaped precipitates were shown to increase in size with longer oxidation times
using light scattering tomography as well as simulations [137].
Swirl defects were investigated on float zone silicon grown in argon ambient with a [111] growth
axis, and an oxygen content in the range of 1015 cm- 3 . In this material, and under hillocks formed
by Sirtl chemical etching, complex dislocation loops as large as 5 ptm were found, whereas no
distinct stacking faults were found. No amorphous phases such as Si0 2 precipitates were found in
this material [138].
In Bosch Solar Energy Czochralski [100] silicon material grown in the vacancy-rich regime, the
oxygen content was on the order of 1018 cm- 3 , three orders of magnitude higher than in FZ silicon.
In this case, and after thermal treatments carried out between 800'C and 1 0000 C for a few hours
and in nitrogen ambient, TEM measurements revealed 50 nm sized platelet-shaped oxide
precipitates, with a precipitate concentration reaching 1011 cm-3 [133].
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5.3 Semi-Automated TEM Sample Preparation
5.3.1 TEM Sample Preparation Method

Figure 5-2: High resolution PL image of a (2 x 2 cm) silicon piece (left). The swirl area is well demarcated and
the TEM lamellae are all prepared and removed from the demarcated region (right).

TEM sample preparation is performed in a Hitachi NB5000 dual-beam gallium ion focused
beam and a high resolution field emission gun scanning electron beam microscope. Up to five
TEM bars can be prepared from the protective layer deposition to the trench milling of the
cantilever TEM beam using an automated protocol coded in the software. As a result, failure of
these steps was dropped to close to 0%. Additionally, higher current beams and a higher
accelerating voltage of 40 kV instead of the conventional 30 kV resulting in smaller probe sizes
and higher milling rates are used for the milling steps, which combined with the automation of this
process leads to 4 times shorter TEM sample preparation times (about 4 hours for one fully thinned
TEM lamella to 1 hour for one fully thinned TEM lamella starting from a PL image as shown in
Figure 5-2). All the following steps are set up and the software performs them automatically: (1)
the gas injection system is used to deposit several 20x2 tm tungsten protective layer boxes, 1 pm
thick each. A beam current about 0.8 nA is used for these depositions (Figure 5-3a). (2) A marking
of the letter H is performed next to each bar, and three trenches around the tungsten region are
milled using beam current of about 61.33 nA (Figure 5-3b). (4) At this point, the sample stage is
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tilted 450, the markings are used to find each sample and the undercut is performed using a 22.27
nA beam. From this time forward, the sample preparation becomes manual. The sample stage is
brought back to 0' tilt. A micromanipulator is welded to the cut edge of the bar using tungsten
again, and the last attached side is milled. The bar is lifted-out and deposited on the TEM grid
(Figure 5-3c). Thinning the TEM lamellae is performed in 3 successive steps using beam currents
or 0.8 nA then 0.09 nA as the sample gets thinner (Figure 5-3d). Finally, the accelerating voltage
is dropped from 40 kV to 2 kV with a beam current of 0.09 nA to clean up any gallium implantation
on both sides of the lamellae.
Any surface damage, or carbon contamination is later removed from the lamellae before TEM
imaging using a NanoMill 1040 equipped with an ultra-low energy concentrated argon ion beam.
The samples are cleaned from both sides using a beam at 600 eV and 180 jiA for 10 mins on each
side.
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(a)

(b)
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(c)

(d)

Figure 5-3: Scanning electron micrographs showing different stages of the TEM sample preparation. a)
Tungsten deposition, b) trench milling and marking. Steps a) and b) are performed on multiple samples in an
automated way. c) Sample lift-out, and d) sample thinning.
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5.3.2 TEM Lamellae Screening for Defects using in-situ STEM

(a)

(b)

Figure 5-4: Scanning Transmission Electron Microscopy scouting for defect in the thinned TEM lamella. Low
contrast areas delineate the defects present in the TEM sample. (a) High magnification STEM image of one of
two defects found in this lamella, and (b) high magnification STEM image of another defect found in the same
lamella.

The Hitachi NB5000 is also equipped with a STEM detector, which can be inserted and
used for rapid screening of the lamellae. The sample is tilted 320 so as to face the focused electron
beam. The electron beam's accelerating voltage is increased to 30 kV. A higher voltage results in
a higher signal-to-noise ratio, and a deeper penetration depth of the beam [139]. The electron beam
is focused on the cross-section surface of the sample, that was previously thinned down to about
150 - 180 nm. The electron beam is scanned over the cross-section in a raster pattern. The
97

transmitted electrons are detected by the STEM detector positioned behind the TEM lamella
sample. A combination of dark and bright field imaging is used is the search for any bulk defects
present in a given lamella. Dark field gives Z-contrast, which would suggest the defect consists of
a material different than that of the remaining of the lamella. If a feature can be seen in the bright
field imaging mode of the STEM but not in the SEM mode, this means that the defect is present
either in the bulk or on the other side of the lamella opposite to the electron beam. As shown in
Figure 5-4, a defect results in dark contrast compared to the rest of the silicon lamella. In the
imaged lamella, two defects are seen with a dimension between 57 and 68 nm. Figure 5-5a shows
another defect imaged in another lamella, with a size of about 48 nm. In comparison, Figure 5-5b
shows what a dislocation loop from one of the control samples used earlier in the study look like
(such as the dislocation loop shown in the copper contaminated sample reported in Figure 4-14).
From these results, structural defects such as dislocation loops or stacking faults are not expected
to be present in the TEM lamellae lifted-out from the ring defect samples, as the features seen in
STEM look like precipitates. The lamellae are screened with STEM, and the ones where defects
are found, are taken for subsequent TEM and aberration corrected HRTEM/EDS measurements.
As the samples go in between the FIB and the TEM, they are cleaned in the Nanomill as explained
in section 5.2.1.

(a)

(b)

Figure 5-5: Representative STEM images showing (a) a precipitate defect in the n-type Si sample inside the
swirl defect, and (b) a dislocation loop in the p-type Si sample
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5.3.3 Swirl defect conventional TEM results
Conventional transmission electron microscopy is performed using a JEOL 2100 TEM
equipped with a LaB6 electron source. The accelerating voltage is set to 200 kV, and images are
recorded using a Gatan Orius digital camera. Bright field imaging with the third objective aperture
inserted is performed on the prepared lamellae from an area of low lifetime within the outer ring
defects (Figure 5-6) and from area of low lifetime within the inner ring defect (Figure 5-7). The
approximate total volume of TEM lamellae is calculated and the number of defects found in that
volume is used to extract a local defect density in the ring defect. The results are tabulated in the
Table 5-1.
Comparing the precipitates found in the outer ring, to those found in the inner disk of the ring
defect, it is shown that the size and shape of these precipitates is very comparable. No structural
defects such as dislocation loops or stacking faults were found along with the precipitates, in
neither areas studied. Additionally, all precipitates found share the similar size of about 30 nm,
and similar shape of octahedral-shaped precipitates. Strain fields surrounding the precipitates can
be seen as well. As found in previous studies, strained oxide precipitates are more recombination
active than unstrained precipitates [123]. In table 5-1, the calculated localized density extracted
from the wafer volume investigated by TEM is comparable to oxygen-related bulk precipitate
densities in both argon and nitrogen tabula rasa followed by nucleation and growth steps was found
to be on the order of 1010 cm-3 [29], [133], [140], [141]. In fact, when the localized volumetric
density measured in the inner disk of the ring defect, and in the outer ring defect is averaged over
0

cm- 3

.

the whole area of the silicon wafer, the total average density is found to be around 2x10

Comparing the density found by the TEM measurements and the density found by the synchrotronbased

-XRF measurements, the latter is found to be lower, and this is due to the possibility that

not all precipitates were decorated by copper with a concentration above the detection limit of the
technique. Although TEM is not a statistically significant measurement, the lack of any stacking
faults present in all the lamellae imaged along with the dissolution of the ring defects within 30
seconds shown in the subsequent chapter, supports the claim that the ring defects are mainly caused
by oxide precipitates in the wafers studied.
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Figure 5-6: Zoomed-in PL image showing the ring defect in the outer concentric rings of the wafer. The sample
is 2 x 2 cm, and the small rectangle shows the area from which TEM

lamellae were lifted-out. (a) and (b) are

precipitates found in the same TEM lamella, (c) and (d) are precipitates shown in other separate lamellae
removed from the same region shown in the PL image.
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Figure 5-7: Zoomed-in PL image showing the ring defect in the center of the wafer. The sample is 2

x

2 cm, and

the squares show the areas from which TEM lamellae were lifted-out. (a), (b), and (c) are precipitates shown
in three separate lamellae removed from the above sample shown in the PL image.

Table 5-1: Calculated local density from TEM lamellae investigated

Local defect density (cm-3)

8.55

x

1010

11.9 x 1010
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5.4 Swirl defect HRTEM and STEM/EDS results
Aberration corrected, high resolution transmission electron microscopy (HRTEM) and
scanning transition microscopy (STEM) with energy-dispersive X-ray spectroscopy (EDS) are
performed using a JEOL ARM 200F STEM. This tool is an ultra-high resolution analytical STEM
equipped with a cold field emission gun (FEG), and an aberration corrector. The samples are nanomilled for 10 mins on each side, just before loading them in the vacuum chamber of the JEOL
ARM TEM. Imaging is performed at 200 kV acceleration voltage, using the double-tilt holder.
HRTEM images are taken of the same defects shown in Figure 5-6a and 5-6b, using bright field
mode with the third objective aperture inserted and displayed in Figures 5-8 and 5-9, respectively.
The arrow in the top right corners of the HRTEM micrographs points to the <100> direction, and
the spacing is measured to be equal to d = 0.19 nm from the atomic structure shown in the HRTEM
micrographs. Both defects have a side that is parallel to this orientation and another perpendicular
to it.
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Figure 5-8: Aberration corrected, high resolution TEM image of the precipitate imaged in conventional TEM
Figure 5-6a. The white arrow in the top right corner shows the <100> direction.
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Figure 5-9: Aberration corrected, high resolution TEM image of the precipitate imaged in conventional TEM
Figure 5-6b. The white arrow in the top right corner shows the <100> direction.
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Figure 5-10: Aberration corrected, high resolution TEM image of the precipitate imaged in conventional TEM
Figure 5-7b. The white arrow in the top right corner shows the <100> direction.

Energy-dispersive X-ray spectroscopy is a technique in which the emitted X-rays from a
sample bombarded with electron from a focused electron beam are detected and analyzed. In
theory all elements with atomic numbers between Z = 4 and Z = 92 can be detected using this
technique.
STEM imaging is performed using probe 3c in the JEOL ARM 200F, which provides better
signal-to-noise ratio than other smaller probes, although it increases the chances of damaging the
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sample too. Figure 5-1 la, shows a STEM image of the defect in question in Figure 5-8. Figure 511 b, is an EDS map showing all elements that were tracked: Si, and 0, which are the main elements
of interest. Molybdenum, which is present in the TEM sample grid; copper which is present in the
double-tilt holder's rings supporting the sample; iron, and nickel, are elements that were detected
in the p-XRF measurements. Carbon is present in the chamber and potentially on the sample
surface too. Figures 5-11 c and 5-11 d show the oxygen and silicon maps, respectively. The oxygen
count increases within the detected precipitate and is accompanied by a slight decrease in the
silicon counts.
Following the dotted arrow drawn over the STEM image in Figure 5-11 a, a line-scan is fitted by
averaging over 10 x 10 points, and assuming a very thin sample thickness. The result is shown in
Figure 5-12. The teal green line representing the 0 K-line increases from about 2 counts outside
the precipitate, and reaches a maximum of 15 counts at the center of the precipitate before
decreasing again to 2 counts as the line-scan exits the precipitate. The orange line representing the
Si K-line decreases as it goes over the precipitate reaching a minimum of around 270 counts before
going back to about 320 counts outside the precipitate. The STEM/EDS results are a direct
evidence that these precipitates are oxygen-rich precipitates. As no standard samples of known
silicon oxide composition were available for calibration, the EDS measurement is used as a
qualitative measurement showing oxygen presence in the detected precipitates, rather than a
quantitative one where elemental concentrations extraction is possible. Additionally, in EDS, the
light element specific X-rays are strongly absorbed by the Si matrix. Also, the chemical bonding
of the oxygen leads to line shifts and shape changing. These effects increase with the thickness of
the sample and result in potentially underestimating the concentration of oxygen. However,
combining these results with the HRTEM results that display octahedral-shaped precipitates of 30
nm in size, and with the conventional TEM results showing no presence of either dislocation loops
or stacking faults decorating these precipitates, it can be inferred that the chemical composition of
these precipitates is SiO [40], [42], [56]. Additionally, as evidenced by HRTEM measurements,
the precipitates have a (100)-habit plane, which SiO precipitates would take to minimize strain
energy, as the <100> directions have the smallest Young's modulus between room temperature
and silicon melting temperature [142]. In fact, at processing temperatures such as the ones these
samples are subjected to (around 900'C), silicon self-interstitial emission from the precipitates
into the silicon matrix has a very high energy barrier, and is very difficult. Hence, more silicon
106

atoms remain in the precipitate leading to the SiO octahedral-shaped precipitates. The absence of
structural defects such as dislocation loops and stacking faults, or their presence in very low
densities such as none is detected in the total volume of sample studied with TEM, supports the
inference that the chemical state of the oxide precipitates forming the ring defect in both the outer
rings and the inner ring are SiO with a 1:1 ratio.

(a)

(b)

(c)

(d)

Figure 5-11: (a) STEM image of the mapped precipitate. The dotted line represents the linescan shown in the
next figure. (b) EDS map showing all tracked elements: Si, 0, Mo, Cu, Fe, Ni, C. (c) EDS map showing only the
Oxygen K-line, and (d) showing only the Si K-line.
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Figure 5-12: Line scans showing 0 K-line counts and Si K-line counts across the precipitate following the black
dotted line in Figure 5-1 a.
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5.5 Conclusions
This chapter makes use of rapid TEM sample preparation and rapid screening of TEM
lamellae using scanning transmission electron microscopy in-situ before imaging the lamellae in
a TEM. High resolution TEM shows that all the precipitates causing the ring defect are of 30
nanometers in size with one of their sides parallel to the <100> crystal orientation. The octahedralshaped oxygen precipitates have been found in literature to be in the SiO chemical state, rather
than in the SiO2 chemical state. In addition, no structural defects are detected, adding evidence
regarding the SiO chemical state hypothesis, as in this phase, silicon atoms need to cross a high
energy barrier to leave the precipitate and form dislocation loops or stacking faults around them.
Finally, STEM/EDS is performed as an observation proof showing the increased oxygen content
in the core of the precipitate.
Comparing between the inner disk forming the ring defect and the outer ring, the
precipitates are shown to have the same size and morphology, with a higher density of one order
of magnitude. This is expected if the inner area is vacancy-rich as voids will enhance precipitation,
while the outer area is interstitial-rich, which will affect precipitation negatively.
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CHAPTER

MITIGATION TECHNIQUE
6.1 Tabula Rasa Process in the semiconductor industry
Tabula rasa was first developed in order to control oxide precipitates in silicon wafers used
in the semiconductor industry. The initial distribution of oxygen clusters impacts oxygen
precipitation, which depends on the carbon concentration, the cooling rate of the solidifying
crystal, and the concentration of vacancy defects created at typical temperatures of 11 00 C. High
temperature annealing above 950'C can be used to achieve a uniform distribution of monomers or
interstitial oxygen, especially if the sample is cooled down quickly enough not to form larger
clusters again. The temperature of the annealing process should be high enough to ensure that no
cluster is sufficiently large to be a stable cluster and resist the annihilation process. At a given
temperature, clusters with a size below the critical cluster size n*(T) will shrink until they dissolve
(where T is the temperature subsequent to the nucleation treatment). This results in a continuous
supply of oxygen monomers, which can diffuse and participate in the growth of clusters larger
than the critical cluster size n*(T). If the concentration of clusters that are larger than the critical
cluster size is insignificant, none will grow. In the integrated circuit industry, if a wafer contains
no cluster above the critical cluster size at 750'C, the wafer can be subjected to a series of high
temperature treatments, none of which including significant times at temperatures below 750'C
(the case of IC wafer manufacturing processes), no precipitation will occur. The success of a tabula
rasa treatment is dependent upon the range of cluster size distributions in the sample, and whether
the entire distribution is relaxed [29]. It has been shown that pre-annealing wafers at 1 0000 C for
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15 mins, prior to oxygen nucleation and growth processing, yields about 3 orders of magnitude
lower precipitate densities (drop from 1010 to 10 7 cm-3) [141].

In non-oxidizing ambient, interstitials would diffuse to the surface and vacancies from the surface
would diffuse into the bulk very rapidly at tabula rasa temperatures. Upon cooling, pair
recombination and surface recombination occur and the slower vacancies are now dominant
(higher vacancy concentration than interstitials). Rapid cooling rates ensure high vacancy
concentrations in the bulk. At higher temperature, the oxygen clusters that formed at lower
temperatures without vacancy-assistance dissolve at high temperatures since the strain energy per
oxygen atom becomes larger than the oxygen chemical potential. In the presence of vacancies, the
clusters would relieve the strain by absorbing vacancies and forming 0 2V complexes at lower
temperatures (otherwise they could emit self-interstitials to acquire more space). These clusters
will most likely have vacancies below a critical number, inducing cluster dissolution: the clusters
with less vacancies will dissolve, while the clusters with more vacancies will grow larger by getting
those from the dissolved clusters. The complexing temperature was found to be slightly above
1 0000 C, and at lower temperatures vacancies exist predominantly as 02 V complexes [141].
Heating a silicon wafer at high temperatures in non-oxidizing ambient generates Frenkel
pairs of equal amounts of vacancies and interstitials. During cooling, some of the pairs recombine,
while the remaining exchange with the wafer surface, which then acts as a sink to the interstitials
and a source for vacancies [36]. This coupled process is controlled by the fast diffusion of the selfinterstitials. The time required at high enough temperature to achieve equilibrium can be as short
as a few seconds, after which the vacancies that are the slow diffusers become dominant (higher
vacancy concentration than self-interstitials). Upon subsequent cooling from this high temperature
step, point defects recombine, except for the excess vacancies that survive. Some vacancies will
out-diffuse to the surface, but with faster cooling rates this process is minimized. At these lower
temperatures the vacancies are frozen-in by converting to a relatively immobile state and forming
02 V complexes, rather than remain in the relatively mobile state of mono-vacancies. Following

tabula rasa, the density of oxide precipitates becomes independent of the initial oxygen content
and controlled by the vacancy concentration [29], [36], [141], [143].
Modern silicon ingots are grown in the vacancy-rich regime. Vacancies at high
concentrations aggregates into voids, or VO complexes in the case where the vacancy
concentration is lower. Vacancy diffusivity depends on the vacancy charge state, and is very high
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0
to 10-4 cm 2 /s range) in the temperature range between 1100'C to 1412 C [143]-[147].

Vacancies and interstitials can be lost either to recombination in pairs or by out-diffusion to the
surface if the process is diffusion-limited. Interstitials and vacancies can however be also trapped
by impurities, resulting in a lower diffusivity. Impurities affecting I, and V trapping have to be
present at concentrations above 2x 1015 cm. Two candidates reported with concentrations in this
range in silicon Cz are oxygen and carbon. Vacancies and interstitials are present in two structural
forms: an extended and a localized form. In the case of interstitials, the localized species has a
slow diffusivity dominating high temperature regimes, and the extended form has a larger
diffusivity being dominant in low temperature regimes. [143], [144].

6.2 Tabula Rasa in Photovoltaics
Tabula Rasa, modified from the treatment known in the IC industry, has been shown to
improve the implied V0 c in solar-grade wafers from 584 mV to 619 mV when performed prior to
boron diffusion, drive-in and oxidation (from 618 my to 665 mV after forming gas anneal of the
passivation layer). Additionally, PL images showed homogenization of the wafers lifetimes,
making the wafers immune to subsequent process-induced degradation during thermal processes
following tabula rasa [73].
In other n-type silicon solar-grade wafers, tabula rasa was successful in homogenizing lifetimes
too. However, lifetimes decrease right after tabula rasa, and they only recover back to the
millisecond range after high temperature treatment including boron diffusion / phosphorus
diffusion and thermal oxidation. This effect has been attributed to an improved external gettering
of metal impurities to the diffused region after oxide precipitates had dissolved, impeding
competitive internal gettering. Additionally, intrinsic point defects could be annealed out during
rapid high temperature treatments [148].
It has been shown that tabula rasa is oxygen diffusion limited, hence density and size of the
precipitate as well as the total oxygen concentration strongly dictate time and temperature
parameters. Hence, oxygen dissolution experiments can be used to optimize the tabula rasa
parameters for a set of wafers knowing total oxygen concentration, precipitates density and size
[149], [150].
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6.3 Tabula Rasa in N 2 at Different Phases of the Solar Cell
Process
Tabula rasa is a rapid temperature anneal step developed to dissolve oxide precipitates in
silicon wafers and re-distributed point defect densities for the integrated circuit industry [130],
[140], [141], [151]. During tabularasa a silicon wafer is subjected to temperatures higher than the
solubility limit of oxide precipitates in silicon, on the order of 10000 C - 1250'C [29], [140]. At
these high temperatures, the solubility limit is much higher than at room temperature, and tens of
seconds at such temperatures could be enough to dissolve oxide precipitates and allow for interdiffusion of vacancies and self-interstitials across the wafer thickness. Swirl defects, exhibited as
low-lifetime concentric circles in n-type Czochralski silicon wafers, have been recently proven to
be caused by oxygen precipitation during solar cell processing. Temperature- and injectiondependent photoluminescence imaging was applied to identify defect energy levels and capture
cross-section ratios in the swirl areas [152], [153]. Results were compared against data calculated
for intentionally and uniformly grown oxide precipitates, and shown to be caused by similar traps
within the bandgap [83], [96], [97].
In this work, tabula rasa is applied to n-type Czochralski silicon wafers at different steps
within the solar cell processing to study its effect on oxide precipitate dissolution observed by
homogenizing the lifetime across the wafer surface. Furthermore, temperature- and injectiondependent photoluminescence imaging is used to identify the defect energy level and the capture
cross-section ratio in an attempt to follow any changes in the traps as the defect dissolves partially
or fully.

6.3.1 Sample Preparation and Experimental Plan
Four n-type, six-inch Cz wafers with a resistivity of 2.8 Qcm are subjected to two different
tabula rasa anneal temperatures in nitrogen ambient performed at different stages during the solar
cell formation process. Temperature calibration is performed using a thermocouple attached to the
surface of a sample. Wafer A is first subjected to a tabula rasa process at 1 0000 C for 30 seconds
followed by phosphorus diffusion gettering at 860'C and a thermal oxidation at 1000 C. Wafer B
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is subjected to tabula rasa at 1080'C for 30 seconds followed by phosphorus diffusion gettering
and thermal oxidation at 860'C and 1000 0 C, respectively. Wafer C is subjected to a tabula rasa
anneal at 1080'C for 30 seconds after seeing a phosphorus diffusion gettering followed by a
thermal oxidation at 860'C and 1000'C, respectively. Wafer D is subjected to two tabula rasa
anneals at 1080'C and 30 seconds each before and after a phosphorus diffusion gettering and
thermal oxidation process at 860'C and 10000 C, respectively. During tabula rasa, the wafers'
temperature is calibrated using thermocouples measuring the temperature at the center of the
treated wafer. The wafers' process flow is depicted in figure 6-1. All samples are then etched to
remove the thermal oxide and diffused region, and passivated with silicon nitride deposited by
PECVD at 250'C on both sides.
Photoluminescence images of each wafer are taken with a 1 megapixel CCD luminescence
imaging setup at several temperatures between 25'C and 80'C. The PL images are calibrated to
bulk lifetime images with a quasi-stead-state PL measurement at each corresponding temperature
[82], [94], [153]. The photoluminescence images are collected throughout a wide range of injection
levels covered by varying a 790 nm laser illumination intensity from the equivalent of 0.0002 sun
to the equivalent of more than 10 suns [152], [153].
The purpose of wafers A and B is to study the effect of two different tabula rasa temperatures
before processing and investigate at what temperature the grown-in microdefects in the as-grown
samples, acting as nucleation sites to oxide precipitates, can be dissolved. Wafer C provides a
comparison to wafer B to study the effect of precipitate growth during PDG and thermal oxidation
before tabula rasa is performed. Wafer D shows if performing tabula rasa before and after
processing provides additional gains in terms of lifetime homogenization.
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Figure 6-1: Process flow for the 4 samples.

6.3.2 Photoluminescence Imaging to Lifetime Imaging Results
The results from lifetime images calibrated from photoluminescence images for wafers
processed under different conditions, as described in Figure 6-1 are shown in Figure 6-2. For
wafers C and D, the minority carrier lifetimes do not recover to above millisecond values. This is
believed to be due to contamination from the sample holder in the furnace as seen in the bottom
corners of Figures 6-2 (c), and (d). Instead, the focus is placed on the swirl defect pattern and the
homogeneity of the wafer rather than the absolute values of the lifetimes as the furnace used was
not optimal for such experiments. The swirl defects in wafer A are still present after a 1000'C
tabula rasa treatment before PDG and oxidation, however then disappear almost completely when
the temperature of the tabula rasa process is increased to 1080'C (wafer B). On the other hand,
when tabula rasa at 1080*C is performed after PDG and oxidation the swirl defect persists
especially in the middle of the wafer (wafer C). Finally, when 1080'C tabula rasa is performed
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before and after PDG and oxidation (wafer D), the swirl defect is completely dissolved. The low
lifetime regions that are isolated from the swirl defect region are caused by metal contamination
as they follow the position of the pins and the sample holder of the furnace.
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Figure 6-2: Minority carrier lifetime
Wafer A subjected to

1000 0C

images under 1 sun illumination equivalent at room temperature. (a)

tabula rasa followed by PDG and thermal oxidation. (b) Wafer B subjected to

1080 0C tabula rasa followed by PDG and thermal oxidation. (c) Wafer C subjected to PDG and thermal
oxidation followed by 10800 C tabula rasa, and finally (d) wafer D subjected to 10801C tabula before and after
PDG and thermal oxidation treatment.
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The fact that in some cases the ring defect dissolves whereas in others does not, can be
explained by the nuclei size distribution function and its evolution upon different thermal
treatments as shown in Figure 6-3. In the case of tabula rasa at 1 0000 C the distribution of nuclei is
broader than that after 1080'C tabula rasa, but narrower than that without any tabula pre-treatment.
With PDG being performed at 860'C, any nuclei below the critical size at this temperature is
expected to dissolve, and any nuclei above the critical size is stable enough to grow. With the
distribution achieved from the tabula rasa pre-treatment, the density of survived nuclei is highest
in the wafer that sees no pre-treatment at all, followed by the one that sees a 1 0000 C tabula rasa,
with the smallest density being that of the wafer that saw 1080'C tabula rasa pre-treatment.
Moving on to the thermal oxidation step, and growing further the nuclei that originated from the
PDG process, some of the nuclei below the critical size will dissolve, however any nuclei larger
than the critical size at 1 0000 C (critical size larger than the critical size at 860'C) will grow even
larger. This treatment will result with a higher density of precipitates in the wafer subjected to
1000'C tabula rasa compared to that subjected to 1080'C tabula rasa before PDG and thermal
oxidation. This is shown by the remaining rings in wafer A compared to the mostly dissolved rings
in wafer B. Wafer C exhibits the highest density of precipitates remaining due to the absence of
tabula rasa pre-treatment. Even if tabula rasa is performed after PDG and thermal oxidation, a
large number of the precipitates end up being above the critical nuclei size at 1080'C, hence are
not possibly dissolved. As most of the outer rings dissolve easily compared to the inner ring defect
that persists after treatment, it is hypothesized that the precipitate sizes in different regions of the
defect can be different. This could be true if the inner disk is a vacancy-rich area as opposed to the
outer circles being interstitial-rich areas. The voids formed by the vacancies and that act as
nucleation sites, provide enough space for the nuclei to grow easily before they start straining the
lattice.
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6.3.3 Injection-dependent Lifetime Results
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Figure 6-4: Averaged injection-dependent minority carrier lifetime curves for all four wafers at room
temperature

Figure 6-4 shows the averaged injection-dependent minority carrier lifetime curves for
wafers A-D. As can be seen, the averaged minority carrier lifetimes between wafer A and C are
comparable, reaching slightly below 1 ms at 1015 cm 3 . Wafers B and D exhibit an average minority
carrier lifetime that is improved above the millisecond value. The results show that performing
tabula rasa more than once before processing bring no additional improvement to lifetime, and
hence to the material quality. Although these results don't show an improvement of the material
quality compared to samples that haven't seen tabula rasa treatment, or to as-grown wafers, the
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fact that tabula rasa at higher temperature is capable of improving the minority carrier lifetime,
and dissolving the ring defect is a positive result. The process is very contamination prone, and
being able to control the cleanliness of the process could be a way of recovering as-grown minority
carrier lifetimes.

6.3.4 Determination of the Defects Fingerprints
Next, several photoluminescence images collected at different injection levels and
temperatures are used to extract the fingerprint or defect parameter attributed to the dominant swirl
defect area. The results for wafer C and D are shown in Figures 1-5, and 1-6. The defect parameters
in wafer D are more homogeneous, one close to unity and the other close to zero. The defect
parameters in wafer C are not homogeneous especially with increasing temperature, one being
positive and the other being negative.
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Figure 6-5: Defect parameters maps for SRH defects A and B obtained in wafer C at different temperatures.
The grey area of the wafer is not considered in the analysis, as it focuses on the center ring defect.
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6.3.5 Extraction of the Defect Energy Levels
Finally, the defects energy levels associated with defect parameter for defect A and defect
parameter for defect B are extracted. The results for wafer C are shown in Figure 6-7. The defect
A energy level maps show only a minimum value in the brighter pixels, and the mean value of
defect A is 0.31 eV above the valence band in the case of pi >> ni, and 0.25 eV below the
conduction band in the case of ni >> pI. Defect B energy level maps show only a maximum value,
with a mean value < 0.24 eV above the valence band or below the conduction band depending on
whether the assumption is for pi >> ni or ni >> pi, respectively. Following the same assumption
to identify the defects in chapter 3, defect A would correspond to an energy level in the upper
band-half at Et = E, - 0.25 eV, and defect A would correspond to an energy level in the lower
band-half at Et = 0.24 + E, eV. The maps of these energy levels are labeled by the green box in
Figure 1-7. It is worthy to note that defect B is not affected by the 1080'C tabula rasa treatment
after PDG and thermal oxidation. Defect A however, changes from Et = E, - 0.18 eV to Et =
E, - 0.25 eV. This value though still falls within the range of energy levels associated with oxide
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precipitates by Murphy et al. in [83], leading to the possibility that tabula rasa affected either the
density, size, or shape of these precipitates causing a slight shift in the energy level, yet still being
attributed to oxide precipitates. The capture cross-section ratio for defect A is calculated to be QA
< 0.14, which is in agreement with the capture cross-section ratio for defect 2 calculated by Murphy
et al. in [83]. Figure 6-8 shows a map of the capture cross-section ratio for defect A in wafer C,
whereas a capture cross-section ratio for defect B cannot be calculated.
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The energy levels associated with defects A and B in wafer D are presented in Figure 6-9, and the
maps considered for each defect are labeled by the green box. Similarly to wafer C, defect B is not
affected by the 1080'C tabula rasa process applied to the wafer before and after PDG and thermal
oxidation. Defect A on the other hand, is distinctly different than that of wafer C, as well as than
that of the wafer that has not seen any tabula rasa treatment at all, with a value of Et = E, - 0.34
eV, although the ring defect is completely dissolved. Such an energy level (or an energy level close
to it) has been seen previously in literature. An energy level that falls at Et = E, - 0.36 eV was
attributed to a V2 0 2 complex resulting from the dissociation and re-assembly of di-vacancies and
oxygen vacancies in the silicon lattice [154]-[157]. This could be happening as oxygen precipitates
dissolve and vacancies get injected in the silicon bulk as the tabula rasa treatment is performed in
nitrogen ambient. At tabula rasa temperatures, vacancies are highly mobile and some likely remain
in the bulk even after cooling. These complexes are found to be recombination active and hence
not favorable to bulk lifetime, possibly being the reason behind the lower minority carrier lifetime
that did not recover to the as-grown potential across the wafer.
Another study, has associated the energy level at Et = E, - 0.34 eV with high-order, stable,
acceptor-type complexes formed by reaction between defects mobile above 200'C, comprising
impurities at low concentrations below 1014 cm-3 [158]. This too could cause a ubiquitously low
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minority carrier lifetime, and could be optimized by (1) a cleaner process and (2) an external
gettering process after performing a tabula rasa treatment to getter out dissolved metal impurities.
Figure 6-10 shows a map for the capture cross-section ratio for defect A in wafer D.
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Figure 6-10: Capture cross-section ratio for defect A in wafer D. A capture cross-section ratio for defect B is
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Other experiments performed towards understanding the impact of tabula rasa on the ring defect
have shown that when bulk lifetime is measured directly after tabula rasa (without further
processing at temperatures in the range of 850 to 900'C), the lifetimes in wafers processed in
nitrogen ambient were much lower than those processed in oxygen ambient. Additionally, when
these wafers were subjected to a thermal budget simulating a cell process at about 850'C, the
lifetime improved drastically. This is evidence that the ubiquitously low minority carrier lifetime
is most likely due to a phenomenon intrinsic to the tabula rasa process, and since the gas ambient
seem to make a noticeable difference, this phenomenon could be due to vacancy-related point
defects.
Czochralski silicon ingots grown with a large growth rate result in high vacancy concentrations.
And since vacancies are highly mobile in silicon, they end up forming complexes with other
vacancies or with intrinsic and extrinsic impurities present in the silicon wafers such as oxygen,
carbon, phosphorus, boron etc. Single vacancies can be annihilated at temperatures below OC,
while divacancies can be annihilated at temperatures around 300C. It has also been shown that
divacancies are not lifetime-limiting defects [159]-[162].
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6.4 Tabula Rasa in 02 Process Optimization
6.4.1 Sample Preparation and Experimental Plan

For the following experiments, tabula rasa is performed at 11 00 C for 10 mins in a
conventional hot-wall tube furnace with oxygen gas flowing at a constant rate of about 3 liters/min.
The studied wafers are n-type Cz wafers with a <100> orientation. Figure 6-11 shows the
experimental approach: A 6 inch wafer is cleaved in 4 pieces; 2 pieces are subjected to a tabula
rasa process before processing (upper two) and 2 pieces are not subjected to a tabula rasa process
(lower two). 2 pieces of each previous step are then subjected to a boron diffusion thermal budget
at 900'C (simulating the B-diffusion, no emitter layer is actually formed) in an oxygen ambient
(left two), and 2 pieces are subjected to a similar thermal budget but in a nitrogen ambient (right
two).

900C w/ 0 2

#

900C w/ N 2

Figure 6-11: Schematic showing the processes that each quarter of a wafer is subjected to
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Table 6-1: Specifications of all four wafers studied. All the wafers come from the same ingot.

Wi

20

16.0

W2

40

14.5

W3

60

13.5

130

12.0

W4

W44

To gain a better understanding and optimize the tabula rasa process based on the material
characteristics, a set of wafers from different positions within the ingot are studied. Their position
in the ingot and the interstitial oxygen concentration [O] in each wafer are listed in Table 6-1.
Figure 6-12 is a visual representation of where these wafers are cut from the ingot and how the
interstitial oxygen content changes as a function of the ingot position.
The processed wafers are measured using a Sinton tool wherein the wafers were immersed in a HF
solution for temporary surface passivation. This method has proven to be effective for accurate
measurements of the bulk minority carrier lifetime in high-quality silicon wafers [163], [164].
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Figure 6-12: Schematic showing the traceable wafers' positions from the same ingot that are studied in this
experiment
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6.4.2 Results and Discussion
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Figure 6-13: Injection-dependent minority carrier lifetime curves for wafers with different interstitial oxygen
content after boron diffusion thermal budget at 900*C performed either in nitrogen (red) or in oxygen (blue)
ambient. No tabula rasa is performed on these wafers.

Figure 6-13 shows the injection-dependent lifetime measurements after boron diffusion
thermal budget at 900'C performed in oxygen (blue) and nitrogen (red) for the wafers from
different ingot positions. The ambient in which a thermal process is performed affects drastically
the final wafer quality measured here in terms of average minority carrier lifetime. Especially in
wafers closer to the seed end (ingot position 1) with high interstitial oxygen concentration (16
ppma), the minority carrier lifetime can improve by about one order of magnitude (from the 104
seconds range to the 10-3 seconds range) only by changing the environment of the boron diffusion
thermal budget from nitrogen to oxygen. The relative lifetime improvement decreases as the
interstitial oxygen concentration decreases (going from position 1 to position 4 in the ingot),
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although oxygen ambient has always an edge on nitrogen ambient processing without tabula rasa
pre-treatment.
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Figure 6-14: Injection-dependent minority carrier lifetime curves for wafers with different interstitial oxygen
content after tabula rasa treatment in oxygen ambient followed by a boron diffusion thermal budget at 9001C
performed either in nitrogen (red) or in oxygen (blue) ambient.

Performing a tabula rasa before the 900'C boron diffusion thermal budget either in nitrogen
or in oxygen improves the minority carrier lifetime to above the millisecond range. The difference
between tabula rasa and no tabula rasa before the boron diffusion treatments, is that after a tabula
rasa in oxygen, the wafers with higher minority carrier lifetime are those that see the subsequent
thermal treatment in nitrogen rather than in oxygen. The relative improvement is even higher at
lower interstitial oxygen concentrations. One hypothesis would be, that with two thermal processes
in oxygen ambient, a larger number of interstitials is injected in the wafers than needed to
recombine with the existing vacancy point defects. This would cause the formation of structural
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defects such as interstitial dislocation loops causing the minority lifetime to drop. The largest
relative drop in lifetime observed for wafers that are the further away from the seed end,
emphasizes this conclusion wherein vacancy concentration is expected to be smaller than that in
the wafer closest to the seed end.
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Figure 6-15: Injection-dependent minority carrier lifetime curves for wafers with different interstitial oxygen
content. Blue curves show the data for the wafers that were subjected to a boron diffusion thermal budget at
900 0 C in nitrogen without prior tabula rasa treatment. Red curves show the data for the wafers that were
subjected to a tabula rasa treatment in oxygen prior to the boron diffusion thermal budget at 9001C in nitrogen.

Performing tabula rasa in oxygen ambient before a boron diffusion thermal budget in
nitrogen improves the minority carrier lifetime by about an order of magnitude when the oxygen
interstitial concentration is 16.0 ppma. As the oxygen concentration decreases, the relative
improvement in minority carrier lifetime due to the tabula rasa process decreases as well. Point
defect recombination through the injection of interstitials during tabula rasa, inhibits subsequent
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nucleation of interstitial oxygen into oxygen nuclei as vacancies and voids are consumed by the
silicon interstitials.
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Figure 6-16: Injection-dependent minority carrier lifetime curves for wafer with different interstitial oxygen
content. Blue curves represent the data for wafers that were subjected to a boron diffusion thermal budget at
900*C in oxygen without any tabula rasa pre-treatment. Red curves represent the data for wafers that were
subjected to tabula rasa in oxygen followed by the boron diffusion thermal budget at 9001C in oxygen.

As a comparison, tabula rasa in oxygen ambient prior to a boron diffusion thermal budget
in oxygen is not always beneficial. In wafers with high interstitial oxygen concentration of 16
ppma, performing a tabula rasa in oxygen improves the minority carrier lifetime. As the interstitial
oxygen concentration decreases the relative improvement becomes null and then negative, as in
performing a tabula rasa before the thermal budget process drops the resulting minority carrier
lifetime. This again is attributed to potentially injecting a larger number of self-interstitials than
needed to recombine with the vacancies during both thermal processes in oxygen ambient, which
could cause the formation of harmful structural defects.
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6.5

Conclusions
Tabula rasa can be used to dissolve the ring defect if performed at a high enough

temperature. The temperature at which tabula rasa is performed has to be above the dissolution
temperature of the critical size of precipitates nucleated at thermal processing temperatures of the
phosphorus diffusion gettering, thermal oxidation, or boron diffusion. Performing tabula rasa
before thermal processing is evidenced to being more beneficial than performing it after thermal
processing, as the nuclei sizes are still small, and grow larger with PDG and thermal oxidation.
Tabula rasa performed in nitrogen ambient is suspected to be introducing vacancies and
resulting in vacancy-oxygen complexes as the oxygen precipitates dissolve. To avoid the formation
of vacancy-rich complexes as a result of tabula rasa, the ambient was changed to oxygen. In oxygen
ambient, silicon self-interstitials are injected in the wafer instead of vacancies, filling the voids or
recombining with vacancies that would act as nucleation sites. It was shown that the thermal
processing ambient and the initial interstitial oxygen concentration highly affect the result of tabula
rasa. Tabula rasa is hence a material-, and process-dependent technique that proved beneficial in
the studied wafers studied herein.
The measured bulk lifetime at maximum power point in the samples drastically affected
by ring defect is improved from around 100 jis to about 3 ms before and after tabula rasa.
Comparing to simulation results from Ref. [165], this translates to an increase in conversion
efficiency as shown in Figure 6-17. Comparing three device architectures assuming 180 ptm thick
silicon absorber, the increase in conversion efficiency due to a tabula rasa process is quantified. In
the case of a standard BSF device architecture (yesterday's technology), tabula rasa improves the
conversion efficiency by 3.59% relative, from 19.5% to 20.2%. In the case of a PERC cell (today's
technology), tabula rasa before a boron diffusion increases the resulting efficiency from 20.7% to
21.5%, a relative increase of 3.86%. In the case of promising future device architectures such as
GaP/Si heterojunction device (tomorrow's technology), tabula rasa improved the efficiency from
22.25% to 24%, a relative increase of 7.86%. This improvement could be even higher if a thermal
oxidation step is also considered. This analysis proves the impact of introducing a tabula rasa step
in the process flow of solar cell device fabrication and how this impact will eventually become
more important with future technologies. Additionally, tabula rasa can be beneficial in improving
the manufacturing yield that is decreased by up to 50% due to the ring defect.
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GaP/Si, PERC and standard BSF) 1165].
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CHAPTER

SUMMARY AND FUTURE WORK
7.1 Summary
Temperature- and injection-dependent photoluminescence imaging is extended to allow us
to determine the trap levels and the ratio of the capture cross sections of inhomogeneous defects
in monocrystalline silicon. We studied the ring defect causing concentric low lifetime patterns in
both n-type Cz and NOC silicon wafers. The defect energy levels found in the Cz samples (50.24
eV above the valence band and depending on the wafer position 0.04-0.2 eV below the conduction
band) match literature values for homogeneously generated oxide precipitates, strongly supporting
the assumption that the microdefects in the low lifetime rings of the investigated Cz are decorated
oxide precipitates similar to those in Refs. [83] and [97]. In contrast the trap levels found in the
NOC sample (50.31 eV above the valence and 0.22 eV below the conduction band) differ
significantly from the values for Cz and the ones found in literature, although the formation and
behavior of the defect and the ring-like structure are strong indications for oxide precipitates, too.
The significant difference in defect energy levels is hypothesized to be the result of a different
morphology and/or impurity decoration of the oxide precipitates.
Next, synchrotron-based micro x-ray fluorescence spectroscopy, and x-ray absorption near
edge spectroscopy are used to identify the success of the copper contamination. The ring defect is
shown to have acted as sink to copper as well as transition metals such as iron, as well as a trace
of nickel that were not diffused into the wafers. The precipitation of iron at the oxygen-related
defects forming the ring pattern is postulated to be the reason behind the lifetime-limiting effect.
Iron has been shown in previous studies from the semiconductor industry to be effectively
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gettering to oxide-related defects. Electron-beam induced current measurements estimated the
defect density to be of the order of 5

x

101" cm-'.

A difference in the type of oxygen-related defects present in the PV-grade silicon wafers exhibiting
ring defect, and the IC-grade silicon wafer in which uniform and well-controlled thermal treatment
is performed to grow oxygen-related defects in the bulk is shown via conventional TEM. While
the IC-grade samples show many dislocation loops at these marked regions, the PV-grade sample
shows only octahedral precipitates with no dislocation loops or stacking faults observed at all.
High resolution TEM shows that all the precipitates causing the ring defect are of 30
nanometers in size with one of their sides parallel to the <100> crystal orientation. The octahedralshaped oxygen precipitates have been found in literature to be in the SiO chemical state, rather
than in the SiO2 chemical state. In addition, the absence of detected structural defects, add
evidence regarding the SiO chemical state hypothesis. Finally, STEM/EDS is performed showing
the increased oxygen content in the core of the precipitate.
Comparing between the inner disk forming the ring defect and the outer ring, the precipitates are
shown to have the same size and morphology, with a higher density of one order of magnitude.
This is expected if the inner area is vacancy-rich as voids will enhance precipitation, while the
outer area is interstitial-rich, which will affect precipitation negatively.
The temperature at which tabula rasa is performed has to be above the dissolution
temperature of the critical size of precipitates nucleated at thermal processing temperatures of the
phosphorus diffusion gettering, thermal oxidation, or boron diffusion. Performing tabula rasa
before thermal processing is evidenced to being more beneficial than performing it after thermal
processing. Tabula rasa performed in nitrogen ambient is suspected to be introducing vacancies
and resulting in vacancy-oxygen complexes as the oxygen precipitates dissolve. To avoid the
formation of vacancy-rich complexes as a result of tabula rasa, tabula rasa performed in oxygen
ambient is investigated. In oxygen ambient, silicon self-interstitials are injected in the wafer
instead of vacancies, filling the voids or recombining with vacancies that would act as nucleation
sites. It was shown that the thermal processing ambient and the initial interstitial oxygen
concentration highly affect the result of tabula rasa. Tabula rasa is hence a material-, and processdependent technique that proved beneficial in the wafers we studied by potentially increasing the
efficiency by over 3.5% relative. Additionally, tabula rasa can be beneficial in improving the
manufacturing yield that is decreased by up to 50% due to the ring defect.
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7.2 Future Work
Further work on understanding the influence of tabula rasa on point defects can be done.
Additionally, a study quantifying the techno-economic impact of an added tabula rasa step to the
solar cell fabrication supply chain can be very useful for industry to assess the significance of such
a high temperature step at lowering capital expenditure.
Alternatively, investigating the possibility of implementing changes in the thermal solar
cell processes in terms of ambient and time / temperature profiles and their impact on the ring
defect could be valuable.
Finally, trying to mitigate the ring defect formation prior to wafer treatments, at the crystal
growth level is one other road that can be taken. Engineering point defects in a Czochralski crystal
in such a way that inhibits oxygen precipitation upon high temperature treatment, would require
crystal growers to changes some of their growth parameters, but that would save a few mitigation
steps down the supply chain.
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