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Abstract

Employing copper (Cu) plating as an alternative to screen-printed silver (Ag) for
silicon (Si) solar cells can offer significant cost benefits. However, concerns that Cu
may penetrate through nickel (Ni) barrier layers into Si where it impacts cell
performance and module durability have contributed to the limited adoption of plated
metallisation in manufacturing. This thesis aimed to investigate the thermal stability of
Cu-plated Si solar cells with a particular focus on cells with Ni/Cu grids plated on

openings formed by selective-ablation of the antireflection coating using a UV ps laser.

The formation of Cu precipitates in float-zone-Si was investigated using advanced
lifetime spectroscopy of temperature and injection-dependent lifetime curves, with two
defect levels identified at Et-Ei = —(0.14-0.16) eV and E:-E; = (0.08-0.11) eV. Different
capture cross-section ratios were obtained for Cu precipitates formed under illumination
(k= 1.4 £ 0.2) and ingot-grown precipitates (k = 5.6 + 1.4). A power-law dependence of
the capture cross section was identified (with «=1.35-2.54) and a was observed to
increase with increasing precipitate size/density, the latter being theorised to be related

to the faster precipitation rate under illumination generating smaller precipitates.

A physics of failure methodology was used to characterise Cu diffusion from plated
contacts and degradation in Cu-plated p-type PERC and n-type PERT solar cells during
thermal testing. Significant Cu diffusion through Ag capping layers was observed
during treatments at 200 °C, the extent of the diffusion depending on the capping layer
microstructure. Voids which formed as a result of Cu diffusion distorted Suns-Voc
measurements, leading to 5-10% errors in the measured pseudo fill factor of the cells.
Cross-sectional imaging (FIB/TEM/EDS) and LA-ICP-MS were used to identify that Ni
and Cu can penetrate into Si on heating, with increased Ni/Cu detection correlated with
increased electrical degradation. Finally, thermal treatments both in the dark and under
illumination revealed increased degradation of p-type PERC cells under illumination
due to Cu-LID, whilst non-uniformities in the laser-ablation and Ni barrier formation
were proposed as the most probable reasons for the observed variable thermal stability

of Cu-plated contacts to the p-type PERC and n-type PERT cells.
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Chapter 1 Introduction

Crystals are like people — it is the defects in them which tend

to make them interesting.

- Professor Colin Humphreys

Introduction to Analytical Electron Microscopy

Earth has reached a critical stage of development over the past century. Since the
onset of industrialisation, the planet has entered a new era defined by humanity’s impact
on the global ecosystem [1]. This period is primarily characterised by rapidly increasing
levels of atmospheric carbon dioxide, CO2 (~ 402 ppm in 2017 [2] compared to 260-
270 ppm pre-industrial levels [3]), resulting in unparalleled shifts in weather patterns,
record high temperatures and rising sea levels due to both glacial reduction and ocean
warming [4]. Recent studies have shown that CO, emissions are now reaching levels
such that even moderately strict mitigation strategies may not be adequate to prevent
jumping over the “2 °C guardrail” often set as the limit in global temperature rise
required to prevent significant and disastrous functional changes to the planetary
ecosystem [5, 6]. A large-scale shift in the world’s energy supply from fossil fuels to
predominantly renewable energy sources, such as photovoltaics (PV), is required in the
near future if any significant impact is to be made in mitigating anthropogenic climate
change.

1.1 Trends in Solar Cell Metallisation

Solar cells require electrical contact to both p- and n-type regions of a silicon (Si)
substrate for light-generated current collection. Screen-printing of silver (Ag) for front-
side metallisation of Si solar cells has remained the dominant technology in the PV
manufacturing industry since the 1970s, and currently accounts for more than 90% of
commercially-produced solar cells [7]. The high resistance of Ag to corrosion, coupled

with its high electrical conductivity, make it an ideal conductor for Si-based PV devices.
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Chapter 1

However, as the cost of PV modules decrease, the metallisation of solar cells is
increasingly becoming the focus of furthering cost reductions as Ag represents the
largest non-Si cost component for commercial solar cells (1 USD cent/Wp, or 13% of
the non-Si cell price for a 20% mc-Si PERC cell [7]). Even with continuing efforts to
reduce the use of Ag in cell contact grids, the high and sometimes volatile cost of Ag
(533 USD/kg as of February 2018 [7]) indicates a necessity for alternative metallisation

schemes if large-scale PV manufacturing costs are to be minimised.

Copper (Cu) is an attractive alternative to Ag for several reasons. Not only is Cu
significantly more abundant in the Earth’s crust [8], which contributes to its much lower
cost compared to Ag, but its price has remained relatively stable at <10 USD/kg for at
least the past 30 years [9]. Furthermore, it has an electrical conductivity comparative to
that of Ag (5.85x107 S/m and 6.2x10" S/m for Cu and Ag, respectively [10]). The use of
plated Cu as a potential replacement for Ag in solar cell metallisation can be traced back
to the 1970s and 1980s, when early Si PV pioneers Motorola, Solarex and Siemens
invested heavily in the development of electroless nickel (Ni) and Cu plating [11-14].
In the 1990s, Wenham and Green adopted Motorola’s electroless plating processes in
their development of the buried contact cell technology [15, 16]. This cell design, which
used electroless plating of a Ni diffusion barrier and seed layer followed by Cu plating,
was subsequently adapted for industrial-scale solar manufacturing as the laser-buried
grid (LBG) Saturn PV cell (see Figure 1.1) which was successfully manufactured by BP
Solar up until 2009 [17-20].

Back contact

Figure 1.1: Schematic of BP Solar’s LBG Saturn Solar cells with plated Cu fingers

contained within heavily-doped laser trenches (adapted from [19]).

2



Introduction

Suntech also incorporated plated metallisation into the production of their laser-
doped selective emitter (LDSE) Pluto cell design [21, 22]. To improve the plating rate,
electroless plating was replaced with light-induced plating (LIP) [23-25] which
significantly increased the plating rate and resulted in a higher throughput process. The
LIP process also significantly reduced the cost of the Ni/Cu plating process used by BP
Solar, in that a corroding anode could be used to provide a source of Cu ions for
deposition. This process, along with eliminating the need to use toxic cyanide-based
electrolytes, also reduced bath maintenance costs [14]. However, issues with contact
adhesion raised concerns over both interconnection and module lifetime [26]. Despite
the problems raised by Suntech’s Pluto process, the International Technology Roadmap
for Photovoltaics (ITRPV) continues to predict that plating-based metallisation
technologies will hold increasing market share over the next decade, as shown in Figure
1.2 below [7, 27].

Different front side metallization technologies
World market share [%]

100%

mscreen printing stencil printing direct plating on Si plating on seed layer

Figure 1.2: ITRPV 2018 predicted trends for different front-side metallisation
technologies (from [7]).

1.2 Copper: The Double-edged Sword

Despite recent projections, the predicted market share of plated technologies has
been consistently reduced across previous ITRPV reports, with the 2014 report
predicting > 30% market share within the same timeframe [7]. Widespread adoption of
Cu plating as a replacement for Ag screen-printing has failed to gain any significant
traction due to concerns about the long-term stability of Cu-plated solar cells [7]. This is
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not only related to the problem of plated contact adhesion, but also to the risk of Cu-
related degradation from the plating process or the plated contacts themselves [26]. The
deleterious effect of Cu in Si has been studied extensively over the years (as detailed in
previous studies [28, 29]), with significant research motivated by the integrated circuits
(IC) industry culminating in IBM’s introduction of Cu electroplating for the fabrication
of interconnects for ultra large-scale integration (ULSI) applications in 1997 [30-35].

Copper is a fast-diffusing impurity in Si, and can significantly reduce the minority
carrier lifetime in both p-type and n-type Si through the formation of Cu defects (most
likely platelet-like CusSi precipitates) which introduce band-like defect states in the
upper half of the bandgap [28, 36, 37]. Early studies also showed that the presence of
Cu in Si can lead to an increase in p-n junction leakage current [38-41]. More recently,
the impact of illumination has also become a topic of great interest, with Cu
demonstrating similar light-induced degradation behaviour to boron-oxygen defects
(BO) [42-45]. To mitigate these issues, an intervening metal layer is often employed as
a diffusion barrier, with Ni most commonly used in plated solar cells [14]. However,
variability in barrier quality can reduce its effectiveness [46—49] and thus some form of
long-term stability testing is required to assess the durability of plated barrier layers on
Si solar cells. To investigate the durability of plated solar cells, an accelerated aging test
was reported by Bartsch et al., whereby plated cells are exposed to elevated
temperatures for extended periods to simulate long-term field operation, with a
reduction in pseudo fill factor (pFF) being used as an indicator of Cu-related

degradation, as demonstrated in Figure 1.3 [50].
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Figure 1.3: Degradation of pFF over time at a temperature of 200 °C (left) and 275 °C
(right) for plated cells with different Ni diffusion barrier masses (from [51]).




Introduction

Recent reports suggest that Cu-plated Si PV modules have sufficient long-term
stability [51-57]. The previously-mentioned BP Solar Saturn modules have performed
relatively well, with a power plant in Toledo (Spain) demonstrating performance ratios
(PR) of over 70% after 20 years in the field, consistently higher than that of screen-
printed modules manufactured at the same time [52, 53]. Also, long-term durability
testing based on the method employed by Bartsch et al. suggests Ni is a sufficient
diffusion barrier for Cu plated solar cells [51, 54, 55]. However, the manufacturing of p-
type Si solar cells in China is rapidly moving towards the production of higher
efficiency passivated emitter and rear cells (PERC) [58]. The reduced surface
recombination achieved with these cell designs makes them more sensitive to impurities
that may introduce additional recombination in other regions of the device. Thus, a
higher requirement is placed on both the plating process and the long-term durability of
PERC cells to not introduce additional recombination (contact and bulk) if Cu-plated

metallisation is to be adopted as a viable alternative to screen-printed Ag.

1.3 Thesis Objectives

The aim of this thesis was to investigate the thermal stability of Cu-plated Si solar
cells with a particular focus on cells with Ni/Cu grids plated on openings formed by
selective-ablation of the antireflection coating using an ultraviolet (UV) picosecond (ps)
laser. The impact of Cu diffusion into and within Si was investigated at both a wafer

and cell level, with the following specific objectives:

- To use temperature and injection-dependent lifetime spectroscopy for the
characterisation of defect properties, such as capture cross-section and defect

energy levels, of Cu precipitates formed under different processing conditions.

- To investigate Cu diffusion mechanisms through plated metal layers using a
combination of Suns-Voc measurements and electron microscopy techniques to

identify factors most critical in determining diffusion barrier performance.

- To quantify Cu penetration through plated Ni barrier layers using elemental
characterisation techniques and correlate obtained measurements with observed

electrical degradation due to Cu diffusion and defect formation.
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- To perform thermal stability tests on plated p-type PERC and n-type passivated
emitter rear totally-diffused (PERT) Si solar cells with laser ablation front grid
patterning and perform a critical assessment of the processing factors that

influence Cu-related cell degradation.

1.4 Thesis Outline

Chapter 2 begins with a historical perspective of the properties of Cu in Si. Several
decades of extensive research on the diffusivity, solubility and defect states of Cu is
discussed. Light-induced degradation of Cu-contaminated Si is examined in both
Chapter 3 and Chapter 6 of this thesis, thus a review of current understanding of the
impact of illumination on degradation of Si is provided. Since Cu precipitates are the
most-likely candidate for the defect responsible for Cu-related degradation of Si, this

chapter concludes with a breakdown of Cu precipitate formation and growth Kinetics.

The first of four experimental chapters, Chapter 3 reports on the use of lifetime
spectroscopy for the analysis of Cu defect properties in Si. Temperature and injection-
dependent lifetime spectroscopy (TIDLS) has only recently been used to characterise
the Cu-related defect in Si, so this chapter details experiments on TIDLS measurements
of Cu-contaminated Si prepared using different techniques, demonstrating a significant
difference in capture cross-section ratio between surface-contaminated Si experiencing
Cu-LID and ingot-contaminated Si containing precipitates formed during ingot
crystallisation. Two different curve fitting procedures were applied to the lifetime data
obtained to extract information about the precipitate size/density and the associated

recombination activity between the two differently-prepared Si samples.

Chapter 4 reports on an investigation of the limitations of thin polycrystalline metal
layers as diffusion barriers for Cu-plated Si solar cells. Suns-Voc measurements of
plated solar cells during extended thermal stability testing were utilised to detect Cu
diffusion through plated metal layers, both into the Si and through the Ag capping
metal. High contact resistance effects evident in Suns-Voc were the result of significant
diffusion of Cu through plated Ag capping layers and the impact on the capping layer
properties on extent of Cu diffusion was investigated in detail. Corresponding cross-
sectional imaging techniques were used to assess the integrity of the contact structure

after thermal stability testing and determine any diffusion of metals in the Si substrate.
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Before a critical assessment of plated degradation analysis can be discussed, a
material characterisation technique for confirming the penetration of plated metals into
the Si substrate was developed, and this is presented in Chapter 5. The focus of this
experimental work revolved around the implementation of laser ablation inductively-
coupled plasma mass spectrometry (LA-ICP-MS) for the detection of diffused metals
from plated contacts in Si solar cells. Optimisation of the technique for solar cell
analysis is described, and a suitable chemical etching method is developed to improve
accuracy of LA-ICP-MS in analysing Ni and Cu contamination of the Si under plated
contacts. The chapter concludes with a discussion of results correlating Ni and Cu
signals from LA-ICP-MS measurements with different electrical degradation indicators

measured on plated cells following extended thermal stability testing.

Chapter 6 brings together the key findings of previous chapters to present a critical
assessment of plated solar cell degradation analysis as it was performed in this research
project. Degradation analysis is presented for both p-type PERC and n-type PERT cells
with Ni/Cu plated contacts to illustrate the different responses to extended thermal
stability testing. Due to the results of work presented in Chapter 3, the effect of
illumination on the degradation rates observed in plated Si solar cells during thermal
stability testing was also examined. Finally, concerns over process variability and
reliability are examined in more detail, with particular focus on the issues of non-

uniform laser ablation patterning and subsequent Ni barrier formation.

Finally, Chapter 7 summarises the key results of this research project as presented in
this thesis, including a summary of the key findings and contributions of this thesis, as
well as possible future directions for plated metallisation and Cu-related degradation

analysis.
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Chapter 2 Copper in Silicon: A Historical
Perspective

A greater understanding of the experimental work presented in this thesis can be
attained with an examination of current knowledge on the properties of Cu in Si.
Significant work has been performed over the last half-century in characterising
transition metals such as Cu, as well as more recently, the mechanisms that determine
its role as such a detrimental impurity in Si. Istratov et al. provide extensive reviews on
the behaviour of Cu in Si [28, 29, 59]. Thus, the purpose of this chapter is to present an
overview of several decades of research on the critical properties of Cu, including its
diffusivity and solubility which determines its movement within the substrate, to the
various states in which Cu can occupy in the Si lattice. Diffusion of Cu through thin
films and barrier metals between Cu and Si will be covered separately in Chapter 4.
Also discussed are the mechanisms of light-induced degradation in Si [60] as well as the
kinetics of Cu precipitate formation, which have been demonstrated to be highly
influential in Cu defect formation and provides the theoretical basis for experiments
detailed in Chapter 3 and Chapter 6 of this thesis.

2.1 Diffusivity, solubility and gettering of copper in silicon

Copper is a 3d transition metal, and in its interstitial state diffuses as a single donor
species, Cu;f [61]. Early work by Hall and Racette in 1964 [62] established a
temperature-dependent diffusion coefficient in Si based on diffusion studies on low
resistivity p-type wafers (N, = 5x10%° cm®). However, this early work neglected the
impact of donor-acceptor pairing between positively-charged Cu;} and negatively
charged substitutional Boron (B), B;. In the presence of donor-acceptor pairing, the
mobility of available Cu is limited by the doping concentration (N,) and thus the
effective diffusion coefficient in p-type Si is lower than expected [63]. It was later
demonstrated that the dissociation energy of these Cu-acceptor pairs depended on the
acceptor type (0.61 eV for Cu-B pairs [64]), indicating the presence of both Coulombic

and covalent interactions [65]. Transient lon Drift (TID) measurements of low B-doped
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Si (N, = 1.5x10%** cm™) performed by Istratov et al. in 1998 [66] minimised Cu-B

interactions, providing a more accurate expression for the intrinsic diffusion coefficient:

0.18 + 0.01 eV
ksT

Dy = (3.0 + 0.3) X 107* X exp (— ) (cm?/s) @.1)
where kg is the Boltzmann constant and T is the temperature in Kelvin. The low
activation energy of 0.18 eV is significantly closer to theoretical predictions than Hall
and Racette’s original estimation [67]. Equation 2.1 is valid in the case of intrinsic and
n-type Si, but for B-doped wafers with a doping concentration of N, < 1017 cm, the
effective diffusion coefficient in the presence of Cu-B pairing is given by the expression
[66]:

D = 3 X 10™* x exp(— 2090/T) 2
off = 1T 2.584 X 1020 x exp(4990,/T) X (N,/T) 0 /%) (2.2)

At room temperature, this corresponds to a value of 3.7x10® cm?/s for a 3 Q.cm p-
type Si wafer, indicating that Cu can diffuse 500 um without any thermal treatment
within 12 hours. Figure 2.1 illustrates the impact of dopant concentration on D for
Cu in comparison to the intrinsic coefficient and highlights the large under-estimation

of diffusion coefficient when not accounting for Cu-B interactions.
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Figure 2.1: Effective diffusion coefficient for Cu in Si at various doping levels,
compared to the original estimations by Struthers [68], Hall and Racette [62], as well as

the intrinsic diffusion coefficient determined by Istratov et al. [66].
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Copper has the lowest diffusion barrier of all the 3d transition metals, primarily due
to the small ionic radius of Cu in Si and its weak covalent interactions with the Si lattice
[28]. In terms of solubility, Cu concentration in Si can exceed 10 cm™ at high
temperatures (> 800 °C), with solubility below the eutectic temperature (T,,, = 1075 K)
calculated using [61, 69]:

1.49 eV
Sy = 5.512 x 102 X exp (— — ) (cm™) 2.3)
B

Despite this, the solubility of Cu is exceedingly low (less than 1 atom/cm?®) at room
temperature and thus Cu;” concentration in the Si bulk will decrease soon after any
diffusion process. The rate at which Cu;j" is maintained at high concentration in the bulk
has been shown to be dependent on both the doping concentration (as discussed earlier)
and the cooling rate after Cu in-diffusion. Rapid cooling/quenching of Si after Cu in-
diffusion can effectively “freeze” Cu; in the bulk, with concentrations of Cu;" as high as
the doping concentration quenched interstitially in p-type Si [70], but a significantly
lower threshold for Cu;” quenching in n-type Si (~ 10' cm= [71]). The instability of
Cu; at room temperature means it will preferentially out-diffuse towards the Si surface
or form stable complexes to reach a thermodynamically stable state [72, 73]. First
reported by Shabani et al. [74, 75], out-diffusion has been observed to occur over
several days in p-type Si, depending on the wafer thickness and doping according to
Equation 2.2. The presence of a charged dielectric or surface has also been shown to
delay or enhance the out-diffusion process depending on the stored charge in the surface
layer, with silicon oxide, SiOx (positive stored charge) used to prevent Cu out-diffusion
[74] and aluminium oxide, AlOx (negative stored charge) shown to accelerate the
process [76, 77]. On the other hand, out-diffusion of Cu in n-type Si was only observed
after heating the Si above at least 400 °C [74], which is most likely related to the

dissociation of Cu precipitates, which will be discussed more in Section 2.2.3.

The high diffusivity of Cu;" also allows it to be easily gettered to doped n+, p+ and
polysilicon regions in Si [28]. Based on a difference in Cu solubility between the base
and heavily-doped regions [78, 79], Cu segregation to these regions is generally
achieved during high temperature diffusions and anneals [80-82]. Inglese et al. [83] and
Nampalli et al. [84] have also shown that high temperature firing with controlled slow

cooling rates can effectively getter Cu to lightly-doped industrial n-type emitters.
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2.2 Defect states of copper in silicon

Whilst Cu;fhas no known recombination activity in Si [85-87], it can form several
complexes and defects that can significantly impact minority carrier lifetime in Si.
These include substitutional Cu (Cuy), as well as various complexes of substitutional Cu
(CugCu;, CugH; and CugCus;) and Cu-silicide precipitates (n"-CusSi), which are the

predominant defect for Cu in Si and the focus for the work presented in this thesis.
2.2.1 Substitutional copper

At high temperatures, a small amount of Cu (< 0.1% of Cu solubility) will occupy
substitutional lattice sites in Si, reacting with vacancies or Si self-interstitials to
form Cug. Deep level transient spectroscopy (DLTS) measurements in various studies
have subsequently associated Cug with two energy levels at Ev + (0.2-0.23) eV and Ey +
(0.41-0.46) eV, with hole capture cross-sections of 3x10* cm? and 1.5x10** cm?,
respectively [69]. More recently, density functional theory (DFT) calculations by
Sharan et al. determined three energy levels for Cug — a donor level (+/0) at Ev + 0.2
eV, an acceptor level (0/—) at Ev+ 0.54 eV and a double-acceptor level (—/—2) at Ev +
0.97 eV, indicating an amphoteric nature to Cug [87]. In p-type Si, Cug is most stable in
the +1 charge state to compensate hole conductivity, whilst Cug is most stable in the -2
charge state for n-type Si, where the Fermi level (Er) is near the edge of the conduction
band (CB), behaving as a compensation centre for n-type conductivity. At intermediate
Fermi levels, Cug is either electrically inactive (stable neutral state for Ep from Ev+ 0.2
eV to Ev+ 0.54 eV) or stable in the -1 acceptor state (for E from Ev+ 0.54 eV to Ev +

0.97 eV). The energy levels associated with Cug can be seen in Figure 2.2.
2.2.2 Point defects and complexes

Several complexes with substitutional Cu can also exist in Si. Due to the amphoteric
nature of Cug mentioned earlier, complexes between Cug and Cu;" are likely to form
with increasing stability as the Fermi level shifts closer to the CB edge [87]. Thus, three
energy levels have been calculated for CugCu; using DFT analysis - Ev+ 0.18 eV, Ev +
0.63 eV and Ev + 1.00 eV [87]. The negative charge state associated with CugCu; in n-
type Si means it is likely to attract more Cu;", leading to the formation of Cu complexes

containing two or more Cu atoms, including the CugCus; complex often associated with
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an intense zero-phonon photoluminescence (PL) emission at 1.014 eV and an associated
donor level at Ev+ (0.07-0.1) eV, known as the Cup,; signal [88]. This signal is higher
in Float Zone (FZ) Si compared to Czochralski (Cz) Si which has been attributed to the
higher vacancy concentration in FZ-Si which allows for Cug formation [89]. However,
recent DFT calculations have indicated that CugCus; is unlikely to be the source of this
emission [87], with some other complex of Cug and Cu; the most probable source [29].
Complexes of Cug and hydrogen (H) are also possible, with recent experimental results
based on Laplace-transform DLTS [90] revealing two peaks at Ev + 0.1 eV and Ey +
0.49 eV, and a double-acceptor level detected at Ev + 0.81 eV matching results obtained
through DFT calculations (0.04 eV, 0.44 eV and 0.85 eV above the valence band [87]).
It has also been observed that Cu complexes will decrease in concentration at a
temperature of ~150 °C, converting such point defects into extended defects such as Cu
precipitates [91]. These complexes are also included in the band diagram presented in
Figure 2.2.

2.2.3 Copper precipitates

The most commonly-observed Cu-related defect is a silicide-based precipitate of Cu,
with the dominant phase being n"-CusSi (" is the low T silicide phase [92]). Unlike
Cug and associated complexes, Cu-silicide precipitates generate a band of defect energy
levels (Et) located in the upper half of the Si bandgap that has been determined to be
between Ec — (0.15-0.2) eV and Ec — (0.4-0.62) eV [36, 93-95], with an estimated
electron capture cross-section of ¢,,= 3x1071® cm? [96]. The band of defect energy states
associated with Cu precipitates are also included in the band diagram summarising the
defect levels associated with different Cu states in Figure 2.2. The precipitate size,
shape and distribution have been shown to depend on a variety of factors, including the
concentration of interstitial Cu, base doping concentration, bulk microdefect (BMD)
concentration and cooling rate [28]. lllumination is also known to be highly influential
in Cu precipitate nucleation and growth (discussed more in Section 2.4 and Chapter 3).
In samples with a high initial Cu concentration (10" cm™), it has been observed that for
slow cooling rates (1-25 K/s), precipitate colonies form primarily in the near surface
region as a result of agglomeration during Cu out-diffusion (known as ‘haze’), where
precipitate growth nucleates around dislocation loops and stacking faults created by

existing precipitates [97, 98]. On the other hand, quenching (> 100 K/s) results in a
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supersaturation of Cu;that leads to a homogeneous distribution of Cu precipitates in the
Si bulk, with platelet-like precipitates (30-200 nm diameter) observed in p-type Si
mostly along {111} planes in concentrations of up to 10 cm after rapid cooling [36,
97]. The molecular volume of n"-Cus,Si is significantly larger than Si (46 A compared to
20 A [99]), and this large lattice mismatch has been observed to result in the formation
of lattice strain and stacking faults, which then provide a low nucleation barrier for
further precipitate formation and growth [96]. As a result, larger precipitate colonies
(0.5-80 pm) consisting of platelet-like precipitates surrounded by smaller spherical
precipitates decorating stacking faults are often observed [97, 100]. The kinetics of Cu

precipitate nucleation and growth are discussed in more detail in Section 2.4.

Partial dissolution of Cu precipitates formed at stacking faults have been observed
during low temperature anneals between 360-460 °C [73, 101]. Despite theoretical
dissolutions calculations predicting that 45 min at 560 °C should be sufficient to
completely dissolve precipitates up to a radius of 420 nm [102], only partial dissolution
of such heterogeneous precipitates have been observed in Cz-Si at temperatures of 360-
560 °C which is theorised to be related to the existence of large precipitate colonies
formed around stacking faults [73, 101]. However, rapid thermal annealing at 800 °C
has been demonstrated to remove Cu precipitates from the bulk of Cz-Si as long as the
cooling rate was slow enough to allow out-diffusion (~4 °C/min) [84, 95]. This
indicates that the dissolution efficiency of precipitates is dependent on various factors,

including the time, temperature, cooling rate and size of the precipitates [102].

Cus Cus-Cu; Cus-Hi Cus-Cus; CusSi
E
Ec-0.12 Ec-(0.15-0.2) ©
Ec-0.15 Ec-0.27
Ec-0.49
- e ol =
Ev+(0.41-0.54) Ev+044 E,+037  Ec-(0.4-0.62)
S Ev+0.18 Ey+0.26
Ev+(0.2-0.23) Eyv+0.04
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Figure 2.2: Summary of Cu defect energy levels in Si, including Cug and associated

complexes, as well as the band of defect energy states identified for CusSi precipitates.
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2.3 Light-induced degradation in silicon

Light-induced degradation (LID) is the term given to the loss of minority carrier
lifetime or cell efficiency in Si-based devices under excess carrier injection conditions
during above bandgap illumination [60]. There are several different forms of LID that
have been identified - boron-oxygen (BO-LID) [103], Cu-related (Cu-LID) [104, 105]
and light and elevated-temperature induced degradation (LeTID) [106] — and all can
potentially impact the efficiency of p-type Cz PERC cells in the field. This section

briefly details the main features of each pertinent to the work presented in this thesis.
2.3.1 Boron-oxygen light-induced degradation

Observations of LID were first reported by Fischer and Pschunder in 1973, in which
a 3-5% relative loss in cell efficiency was measured after 12 hours of illumination
[107]. Subsequently, the occurrence of degradation was determined to be limited to Cz-
Si with sufficiently high B and oxygen (O) concentrations, characterised by a rapid
initial exponential decay (timescale of seconds to minutes) followed by a slower
asymptotic decay, as seen in Figure 2.3 below. This two-stage decay is either attributed
to two separate recombination centres — fast (FRC) and slow (SRC) [60, 103], or to a

single defect with a multi-stage formation process [108-110].
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Figure 2.3: Effective minority carrier lifetime as a function of illumination duration for a

B-doped Cz-Si and FZ-Si wafer with the same a-Si:H passivation layer (from [111]).
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Although called LID, the only requirement for BO-LID is an injection of excess
minority carriers [112], thus BO-LID can occur both under illumination (regardless of
wavelength or penetration depth, so long as the photon energy exceeds the Si bandgap
energy [113]), as well as in the dark during forward biasing. In fact, demonstration of
BO-LID behaviour at temperatures above 300 K in the dark at zero bias by Bothe et al.
indicated that the formation of BO-LID was dependent on the total minority carrier
concentration, which is dependent on both the temperature and injection conditions

[114], although a dependence on total hole concentration has also been suggested [115].

The density of light-induced defects during BO-LID is often presented as a
normalised defect density (NDD), N*(t), which assumes the only light-activated defect
impacting the effective lifetime of Si is the BO-LID defect (surface and other bulk
recombination remains unaffected by illumination). By tracking the inverse effective
lifetime under low injection conditions (An/p, = 0.1), N*(t) can be fitted by [116]:

N*(t) = Ns*at[l - exp(—Rdeft)] = (l - i) ll — exp <— Tdt f)l (2.4)

Tew To

where Ng,; is the saturated NDD after long periods of illumination (determined by the
difference between the saturated inverse lifetime, 1/7.,, and initial inverse lifetime,
1/70), Raer is the degradation rate and 7,4, is the corresponding degradation time
constant. Equation 2.4 can be applied separately to both the fast and slow decays
observed during BO-LID. Although the degradation rate of the SRC (Rsg) was thought
to be illumination wavelength and intensity independent above 1 mW.cm? [113],
Hamer et al. recently observed an increase in Rgpc as a function of increasing
illumination intensity in the range 44-3550 mW.cm™ [115]. Additionally, Rgrc Was
previously thought to also be proportional to B concentration [B¢]? [117], yet studies on
both B-doped and phosphorus (P)-doped compensated p-type Si have indicated that
Rsrc mMay instead be dependent on either the equilibrium hole concentration, p2 [118],
or the total hole concentration, based on the illumination intensity-dependence observed
by Hamer et al. [115]. The activation energy for BO-LID can be determined from the
following Arrhenius relationship [60]:

E
Ryer(T) = Ko exp (— k‘;e;:) (2.5)
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In clean Cz-Si, the activation energy for the FRC of 0.17-0.25 eV was obtained,
along with the activation energy of 0.3-0.5 eV for the SRC [119-121]. Whilst no
dependency on B or O concentration was observed, the pre-exponential term k, was
found to increase as a function of B concentration [103]. However, full dissociation of
both the FRC and SRC can be achieved after annealing at 200 °C both in the dark [107]
and under illumination [122], although subsequent illumination results in reformation of

the defect, classing the BO defect as a metastable defect [60].

In terms of recombination activity, lifetime spectroscopy techniques (described in
more detail in Chapter 3 and by Rein [123]) have been used to estimate a deep defect
level (SRC) at Ec — 0.41 eV with an associated capture cross-section ratio, k, of 10 + 1
[124], corresponding with DLTS measurements which indicate a minority carrier trap at
the same energy level [125]. Also, defect levels associated with the FRC have been
identified in the range Ev + (0.27-0.77) eV with significantly higher but varying k
values in the range 50-100 [103, 126]. However, the wide range of sample and
measurement conditions, as well as a lack of consensus on the number of defects
responsible for the BO-LID decay behaviour (single vs two defect models), have
resulted in vastly different results between studies (see reviews by Nampalli [127] and
Lindroos [60] for a more comprehensive overview of previous studies characterising the

recombination activity of the BO defect).

The impact of BO-LID can be eliminated in several ways. Minimising B and O
concentration in the Si bulk has proven effective, with no LID measured on clean B-
doped FZ-Si or Cz-Si with an O concentration below 1 ppm [116, 128]. Replacing B
with gallium (Ga) as a p-type substrate or switching to a P-doped n-type Si substrate
also offer potential alternatives to B-doped Cz-Si [128, 129]. Alternatively,
simultaneous illumination and annealing at temperatures of 65-210 °C (known as
regeneration) can permanently deactivate the BO defect [122, 130, 131]. The
regeneration time can vary from 10 s to several hours depending on a variety of factors,
including illumination intensity, temperature and H content in the Si [131, 132].
Hydrogen is suspected to be the species responsible for deactivating BO defects (the H
being introduced during high temperature firing of plasma enhanced chemical vapour
deposition (PECVD) silicon nitride, SiNy, dielectrics on Si solar cells). In the work

presented in this thesis, BO-LID is accounted for either with the use of FZ-Si or with
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annealing conditions that minimise BO-LID without severely impacting analysis of Cu-
related degradation.

2.3.2 Copper-related light-induced degradation

Light-induced degradation of Cu-contaminated Si was observed in early experiments
performed by Henley et al. [104] and Tarasov et al. in 1998 [133], who observed a
degradation of minority carrier diffusion length in 9-20 Q.cm p-type Cz-Si. Similar
observations in B-doped FZ-Si [42, 105], n-type Si [42] and Ga-doped Si [43]
confirmed the occurrence of such degradation regardless of B or O concentration. The
existence of LID in intentionally Cu-contaminated Ga-doped Si (i.e. — absent of any
BO-LID effects) confirmed the role of Cu in this degradation, leading to the definition

of this mechanism as Cu-LID.

Cu-LID has been shown to rely on the presence of Cu;" in the bulk prior to
illumination, with TID measurements demonstrating a subsequent reduction in Cu;
during illumination [134]. In B-doped FZ-Si, P-doped FZ-Si and Ga-doped Cz-Si, Cu-
LID is observed as a single exponential decay that can similarly be fitted according to
Equation 2.4 [42, 43, 105], which can also be seen in the degradation curves in Figure
2.4. However, in B-doped Cz-Si the degradation consists of a three stage decay — a fast
initial decay, followed by a second slow decay and a final much slower decay [135].
The degradation rate of Cu-LID has since been observed to increase with increasing
temperature [135], illumination intensity [105, 136], Cu; concentration [42, 45] and
O/BMD concentration [137]. Conversely, the degradation rate decreases with increasing
doping concentration for B and Ga-doped Cz-Si [43, 135], most likely due to trapping

of Cu; via donor-acceptor pairing as discussed earlier in Section 2.1.

The activation energy for Cu-LID has also been demonstrated to be dependent on the
doping concentration for B-doped Si, with the activation energy for the slow decay in
B-doped Cz-Si due to Cu-LID measured as 0.323 £ 0.09 eV in 3.4-3.9 Q.cm and 0.146
+ 0.025 eV in 18-24 Q.cm wafers, respectively [135]. As the doping concentration is
decreased, the activation energy approaches the intrinsic energy for Cu;" diffusion in Si
(0.18 £ 0.01 eV [66]). Thus, the activation of Cu-LID may be related to the diffusion of
Cuj in Si, thus an increase in donor-acceptor pairing is reflected in the increasing

activation energy with doping concentration. Unlike BO-LID, only partial recovery of
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Cu-LID has been observed in Cz-Si and FZ-Si after annealing at 200 °C, and only if the
concentration of Cuj" is below 10%* cm™ [138], whilst no recovery has been observed in
Si with higher Cu;” concentrations [see Figure 2.4 (b)]. However, high temperature
rapid-thermal annealing (800-900 °C) can result in full defect dissociation [84, 95, 134].
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Figure 2.4: Effective minority carrier lifetime as a function of illumination duration and
temperature (a) for clean and Cu-contaminated Cz- and FZ-Si, and (b) clean and Cu-
contaminated Cz-Si with a final dark anneal at 210 °C to remove BO-LID (from [135]).

Early work attributed Cu-LID to the dissociation of CugCu; pairs and subsequent
formation of recombination-active Cug in Si [104, 105, 139]. However, this does not
adequately explain the observed decrease in Cu;" during Cu-LID defect formation [134].
Moreover, recent analysis of Cu-LID defects in Si by Inglese et al. using lifetime
spectroscopy (see Chapter 3 for more details) identified two defect levels — one shallow
level at Ec — (0.1-0.2) eV and a deep level at Ec — (0.48-0.62) eV with an associated k

value of 1.7-2.6 [95]. These results could not be adequately explained with the acceptor-
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like behaviour of Cug, which would impose a large majority carrier capture cross-
section (i.e. — k «< 1). Instead, the observed recombination activity of the Cu-LID defect
more closely aligns with that of Cu precipitates (described previously in Section 2.2.3),
with the two identified defect levels in Si experiencing Cu-LID representative of the
edges of the band of defect energy states generated by extended Cu precipitates in the Si
bulk. The Cu-LID defect recombination parameters identified by Inglese et al. also
correspond with the recombination parameters determined for thermally-generated Cu
precipitates as identified by Macdonald et al. [94], thus strengthening the hypothesis of
Cu precipitates as the defect responsible for Cu-LID in Si. The exact kinetics of Cu
precipitate formation and growth and the associated influence of illumination are
discussed further in Section 2.4. The different characteristics of BO-LID and Cu-LID

behaviour are summarised in Table 2.1.

Table 2.1: Summary of the behaviours of BO-LID and Cu-LID in Si (adapted from [60]).

BO-LID Ref Cu-LID Ref
Occurs in B/P-doped Cz-Si,

Only occurs in B-

doped Cz-Si [128, 129] FZ-Si and Ga-doped Si [42, 43]
Rate increases with T [103] Rate increases with T [135]
Rate increases with An [115] Rate increases with An [105, 136]
Two stage degradation  [113, 114, 140] ?E?;g_g;%%ngzgs diiicoar:/ [42'[‘112;5]1 05]
Full recovery at 200 °C [107] Minimal recovery at 200 °C ~ [135, 141]
Rgeg o p§ or p* [115, 118] Rge4 decreases with N, [43, 135]
Egef independent of N, [103] Eger increases with N, [135]

2.3.3 Light and elevated temperature induced degradation

Initially identified by Ramspeck et al. [106], a firing-activated form of LID has
recently been the topic of increasing research, especially since it seems to primarily
impact Si cells employing PERC structures such as that examined in this work [142].
Since elevated temperatures of > 75 °C are required to observe such a defect, it has been
termed LeTID. The degradation itself occurs at a significantly slower rate compared to
BO-LID and Cu-LID, with up to 100 hrs required to observe complete degradation at 75
°C, followed by a subsequent recovery after 700 hrs [143, 144]. Recent studies have

20



Copper in Silicon: A Historical Perspective

shown that increasing the firing temperature results in an increasing degradation extent,
with no degradation observed in unfired samples [145, 146]. Modulation of LeTID by
manipulating the H content of SiNx/AlOx films [147, 148] indicates H introduction
during firing as primary possible candidate for the cause of LeTID. Although initially
only seen in multicrystalline (mc-Si), similar behaviour has also been observed in
passivated p-type Cz-Si (as shown in Figure 2.5 below [149, 150]), as well as passivated
n-type Si [151, 152]. Thus, whilst not the focus of the work presented in this thesis, its
impact on the degradation analysis performed on p-type PERC and n-type PERT cells in
Chapter 6 should not be ignored.

T T T T T

--&--NF c-Si —a— NF mc-Si
1.4+ A --0- 598°C c-Si —e— 598 °C mc-Si * 1
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Figure 2.5: (a) Normalised effective lifetime vs. dark annealing duration at 175 °C for

fired (598 °C to 815 °C) and not fired (NF) Cz-Si (solid lines) and mc-Si (dashed lines),

and (b) Corresponding NDD as a function of dark annealing time (from [149]).
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2.4 Copper precipitate formation Kinetics

As mentioned in previous sections, Cu precipitates (namely n"-Cu;Si ) are the most
common Cu-related defect, both in the dark and under illumination. The following
section provides a more detailed examination of the mechanisms of Cu precipitate

nucleation and growth in Si as detailed in previous models of Cu precipitation [37, 153].
2.4.1 Precipitate nucleation

Nucleation of precipitates requires supersaturation of Cuj (i.e. — dissolved
concentration above the solid solubility) to overcome the nucleation barrier defined by
the thermodynamics of phase transformation [28]. Under supersaturation conditions, the
chemical driving force for forming a precipitate of n atoms can be defined by a Gibbs

free energy change [154, 155]:

CCui ex
AG,, = —nkgT -In|——) + AG, (2.6)
SCu

where Cgy, is the total Cu;j" concentration (taking into account Cu-B pairing), Sc,, is the

equilibrium Cu solubility and AG;* is the excess Gibbs free energy change given by:
AGE* = V,AGs + A,y (2.7)

AGE* takes into account forces opposing precipitate formation, including energy
changes related to strain induced by precipitates (AGs), the interfacial energy (y)
between the precipitate surface area (4,,) and silicon matrix and the presence of pre-
existing nucleation sites (such as grain boundaries, dislocation loops and O
precipitates). As previously discussed in Section 2.2.3, the cooling rate affects the
nucleation of Cu precipitates in Si. Quenching of Si results in immediate supersaturation
(high C¢y, + low S¢,,) and subsequent homogenous platelet-like precipitate formation in
the bulk [36, 97, 100], whereas slow cooling will result in a slower build up to
supersaturation and precipitates will initially form at sites with a lower nucleation
barrier (i.e. — lattice defects, where AGS* is low). This nucleation behaviour is also
reflected in the impact of doping and BMD concentration on Cu-LID degradation rates
(see Section 2.3.2).
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Within the classical theory of nucleation, the formation of a precipitate of size n
involves a reaction between an existing precipitate cluster and a Cu; atom, which is
considered an n =1 precipitate. The nucleation rate for a precipitate of size n, I, is thus
given by [153, 156]:

I, = gnfn - dn+1fn+1 (28)

where f,, is the density of n-sized precipitates and g, and d,, are the growth and
dissolution rates, respectively. Growth and dissolution are both a product of 4,,, Cu;f
concentration at the precipitate-Si interface and the diffusion-limited surface reaction

rate, k,,:

D max(AG — AG, + AG, .+, AG
kn — ﬂexp < ( n+1 n act act)> (29)

5 kpT

where D, is the Cu;" diffusion coefficient, § is the length of a single diffusion step and
AG,.; IS the activation barrier associated with incorporating a Cu atom into the existing

precipitate.

It is important to note that according to classical nucleation theory, only precipitates
greater than a critical size, r,., will grow (since AG,,.; — AG,, < 0 beyond the critical
size), while those smaller than a critical size will tend to reduce in size [156]. The

relationship between 7, and AGg is given as [157]:

Y 14
x x

TCT‘
AG Cr., . (2.9)
*  KkTIn <CC#>

Cueq

where Cey,, is the equilibrium Cu concentration at the precipitate interface. Since AG;

is proportional to the supersaturation of Cu; at the interface, which increases with
decreasing temperature, the critical size subsequently decreases with decreasing
temperature [156]. This can result in time-dependent nucleation rates, with precipitates
changing from postcritical at one temperature to subcritical at higher temperatures.
Once a sufficient density of precipitates exists to getter the remaining Cu;" and AG,, can
no longer overcome the nucleation barrier, the creation of new precipitates will cease
[28]. As a result, faster nucleation rates (for example, after quenching as well as under
illumination) generally result in a higher density of smaller precipitates, whereas a

lower density of larger precipitates is obtained with slower cooling/nucleation rates.
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2.4.2 Precipitate growth

The kinetics of Cu precipitation are complicated by electrostatic interactions between
growing Cu precipitates and Cu;" within the Si lattice. Whilst Cu; is known to be
positively charged, it has been observed in DLTS measurements that Cu precipitates are
also positively charged in p-type Si [36]. However, Cu precipitates were determined to
be neutral or negatively-charged in n-type Si, particularly when the Fermi level is above
Ec — 0.2 eV [36]. This critical energy level coincides with the electroneutrality level for
Cu precipitates, which results in their observed amphoteric nature (i.e. - both positive
and negative charge states possible depending on the position of the Fermi level).
Subsequently, Flink et al. demonstrated that precipitation in p-type Si is kinetically
favoured over out-diffusion only when the concentration of Cu;" is sufficiently high to
raise the Fermi level above the neutrality level (Cey,crie = Ny + 10% cm™ [37]).
Various studies have confirmed that Cu precipitates form in n-type Si with much lower
Cuj” concentrations compared to p-type Si [86, 104], which is consistent with the
electrostatic model for Cu precipitate growth proposed by Flink et al. [37]. Similar
behaviour has also been observed in Cu-LID studies, which identified a dependence of
the degradation rate on the position of the electron quasi-Fermi level (Ex,,) in relation to
the neutrality level for Cu precipitates [136].

Vahlman et al. recently developed a model for Cu precipitation under illumination
with the objective of replicating lifetime degradation observations during Cu-LID [153,
158], employing this notion of a charged precipitate. An example of the impact of

illumination on the precipitate-Si interface is illustrated in Figure 2.6.

(a) (b) (c)
p-type Si

Figure 2.6: (a) Model of a spherical charged precipitate in the Si lattice and the
corresponding energy diagram (b) in thermal equilibrium and (¢) under illumination
(from [153]).
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In Figure 2.6, a spherical precipitate of radius r,, forms a Schottky junction at the
precipitate-Si interface with a barrier height q®g, (q is the elementary charge). This
generates an electric field (otherwise known as a space charge region, SCR) extending
out with a radius of ;.. with a corresponding built-in voltage q¥,> associated with the
downward band bending at the interface (due to alignment of the Fermi levels). Thus,
an electrostatic barrier for Cuj” is present in the dark at RT [153]. Under illumination,
the separation of the Fermi level into Er,, and Ef, leads to a reduction in g%, which
increases the interface concentration of Cu;" and thus the precipitation rate. This can be
determined quantitatively using a Schottky junction model for spherical charged
precipitates developed by Plekhanov and Tan [159].

In terms of the growth rate of precipitates, the growth (g,,) and dissolution (d,,) rates
of the precipitates are defined using a kinetic precipitation model coupled with the
electrostatic model discussed earlier (see Vahlman et al. for a more detailed description
of this model [153]). The concentration of Cu;” around a precipitate is determined by
considering both diffusion gradients and drift due to the electric field around an existing
Cu precipitate. The change in precipitate size with time is subsequently determined by
the expression:

(;_rtl =Ggn —dpi1 = Aeleckeff[CCui (Tetec) — Sr*z] (2.10)
where A, = 4mr2,. is the surface area of the volume affected by the electric field,
ks s is the effective reaction rate at the precipitate interface, S, is the effective interface
solubility and Cc,, (7eec) is the concentration of Cu; at the electric field boundary. In
this expression, the kinetics of precipitate growth are significantly affected by the
illumination conditions due to the exponential relationship between the effective

reaction rate and the built-in voltage of the Schottky junction:

k,.p o ( q‘l’,f) (2.11)
exp| — .
eff p kBT

The growth and dissolution rates can also be expressed as functions of the bulk Cu;"

concentration (C,,) and Sy:

In = AkinDCungLi dn = AkinDeuSn (2.12)
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In the expressions above, A, is the kinetic growth factor, defined as:
Akin = Dew 2.13)

The dependence of Ay, on k.rr (and thus the built in potential of the Schottky

junction) results in a 5 order of magnitude increase in the growth factor under carrier

injection with An = 5x10% cm (corresponding to approximately ~1 Sun [153]).

The Schottky model mentioned earlier can also be used to predict the recombination
activity of Cu precipitates in Si, based on the theory of thermionic emission of charge
carriers across the Schottky junction formed at the precipitate-Si interface [159, 160].
Thermionic emission currents for electrons and holes are calculated using the following

expressions:

Ep, —EM
Jé =3 (eXp <—F'}c - - > - 1) (2.14)
B
EM - EZ
Ji = =J* <9Xp <%) - 1> (2.15)
B

where /5 and J; are the saturation current densities for electrons and holes at the
interface, respectively. At the precipitate-Si interface, electrons and holes recombine

almost instantaneously, resulting in the following boundary condition [153]:
Jé=-Ii (2.16)

At a given generation rate, G, and N4, the recombination rate due to a single
precipitate size is determined by:
4?2 X J5(n,G,Ny, T)

Rprec(n: G, Ny, T) = fn X q (217)

where f,, is the density of precipitates of size n. A parameterisation introduced by
Kwapil et al. allows for a quick determination of injection-dependent lifetime by
determining the dependence of the precipitate capture-cross section (o) on the
doping, injection level and precipitate radius [160]. The corresponding precipitate-
related lifetime can thus be calculated with the equation:
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1
T = 2.18
pree Nprec (rprec)aprec (An' rprecr Nd)vth ( )

Where N,,..the density of precipitates with radius ;... and vy, is the thermal velocity
(107 cm/s). Combining the Schottky model with the kinetic precipitation model
described above, Vahlman et al. were able to adequately simulate the degradation of
lifetime as a result of Cu-LID by simulating Cu precipitation under illumination [158].

An example of the agreement between experimental and modelled Cu-LID can be seen

in Figure 2.7.
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Figure 2.7: Experimental Cu-LID curves in low-res FZ-Si and low-res Cz-Si illuminated
under 0.65 Suns at RT (from [158]).

Whilst good agreement was obtained between experimental and simulated results,
the assumption of spherical precipitates has been acknowledged as a limitation of this
model in its current form, since n"-CusSi are more likely to form platelet-like
precipitates in Si (as discussed in Section 2.2.3). This model limitation is discussed
further in Chapter 3, where the above-described model was used to predict precipitate

size and density from recombination activity.

2.5 Chapter Summary

The fundamental properties of Cu in Si have been reviewed in this chapter. The

diffusivity and solubility of interstitial Cu was discussed, along with the various states
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in which Cu can occupy. These include substitutional Cu and associated point defect
complexes, and Cu silicide precipitates, which are the most likely Cu-related defect to
form due to Cu penetration into Si from plated contacts. Also detailed is the mechanism
of Cu-LID, which is known to accelerate the formation of Cu precipitates. The different
degradation and recombination behaviours between the main forms of LID (BO-LID,
Cu-LID and LeTID) were examined in order to distinguish Cu-LID from other forms of
LID that may be encountered during thermal stability testing under illumination.
Finally, the kinetics of precipitate nucleation and growth were detailed to better
understand the factors that influence the density and size of Cu precipitates that form in
Si and the relationship between precipitate size/density and associated recombination

activity.
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Chapter 3 Lifetime Spectroscopy Analysis of
Copper in Silicon

The characterisation of Cu precipitates and their recombination activity in Si has
been investigated in numerous studies as previously discussed in Chapter 2. However,
there is still uncertainty in literature as to the specific recombination properties of Cu
precipitates, since variations in the size and distribution of precipitates can have a large
impact on the defect properties. Lifetime spectroscopy (LS) has been employed in
recent years to characterise the recombination behaviour of Cu precipitates formed
during extended illumination (Cu-LID). In this chapter, advanced lifetime spectroscopy
analysis is applied to the characterisation of Cu precipitates in Si. Defect parameters for
Cu precipitates (capture cross-section ratio, k, and defect energy level, E;) in p-type Si
under different formation conditions are characterised with TIDLS and standard
Shockley-Read-Hall (SRH) model fitting, whilst information about the size and
distribution of Cu precipitates are obtained using a recombination model for metallic

precipitates.

3.1 Defect Parameterisation using Lifetime Spectroscopy

3.1.1 Recombination mechanisms in silicon

There are three main components of recombination that are relevant to the LS
analysis performed in this experimental work — intrinsic recombination (t;), which
accounts for both radiative (7,,4) and Auger recombination (7syger), bulk defect
recombination, often referred to as SRH recombination (tgzy), which forms the basis
for LS analysis of bulk defects in Si, and surface recombination (). Rein provides an
extensive overview and discussion of all these mechanisms [123], thus they will not be
discussed in depth in this chapter. The following subsections will briefly introduce and
explain each of these recombination components that need to be accounted for when

extracting defect properties through LS and SRH defect modelling.
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3.1.1.1 Radiative recombination

Radiative recombination is defined by the direct extinction of generated electron-
hole pairs, whereby a conduction band electron relaxes to the valence band, resulting in
the release of a photon with energy approximately equal to that of the band gap of the
material (i.e., the reverse process to photogeneration). The net recombination rate for
radiative recombination is dependent on the density of free electrons and holes (n and p,

respectively), and can be calculated using the expression:
Uraa = B(np — nlz) (3.1)

where B is the radiative recombination coefficient (4.7x10* cm3s? at 300 K for Si
[161]) and n; is the intrinsic carrier concentration (9.65x10° cm for Si at 300 K [162]).
The probability of radiative recombination occurring is reflected in the value of B. In
direct semiconductors such as gallium arsenide (GaAs), conservation of energy and
momentum is achieved solely with the release of a photon, whilst both a photon and
phonon are required for energy and momentum conservation, respectively, in indirect
semiconductors like Si. The involvement of an additional particle in the process
inherently reduces the probability of radiative recombination occurring in Si.

A general expression for the radiative component of effective lifetime is
subsequently provided by [123, 163]:

— = B(ng + pg + An) (3.2)

In this equation, ny and p, are the equilibrium electron and hole concentrations and
An is the density of excess carriers. From this expression, it is clear that the radiative
lifetime component is dependent on the bulk doping concentration at low injection
levels, whilst it is more strongly dependent on An at higher injection [123, 163].
However as mentioned earlier, its impact is minimal compared to other recombination
mechanisms in Si due to the indirect bandgap nature of the material. Nevertheless, it has
been noticed that radiative recombination in Si can increase with temperature [163],

consequently it is still accounted for in this work for completeness.
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3.1.1.2 Auger Recombination

Auger recombination involves a three-particle interaction whereby energy released
during the recombination of an electron-hole pair is transferred to a third carrier,
resulting in the release of energy as phonons (known as thermalisation [123]). The third
carrier can either be a hole in the valence band (ehh process) or an electron in the
conduction band (eeh process), with the recombination rate proportional to the product
of the concentrations of particles involved in the three-particle reaction. The net

recombination rate is thus defined by the expression:
UAug = Ueen + Uepn = Cn(nzp - n(z)po) + Cp (np2 - nop(z)) (3.3)

where C,, and C,, are the Auger coefficients of the eeh and ehh processes, respectively,
and vary depending on the temperature, dopant type and dopant concentration [164,
165]. The most commonly quoted values for these coefficients in Si were determined by
Dziewior and Schmidt to be C,= 2.8x10! cm%™* and C,= 9.9x10? cm°s™* [165]. The
Auger-related component of effective lifetime for p-type and n-type Si can subsequently
be determined by the following equations:

1
. = Cyp® + CypAn for p — type Si (3.4)
Auger
1
= C,n* + CynAn for n — type Si (3.5)
TAuger

The inverse-quadratic dependence of Auger lifetime on carrier density results in a
dominance of Auger recombination over radiative recombination at high injection levels

as seen in Figure 3.1 [123].

Although traditionally modelled as interactions between non-interacting quasi-free
particles, aside from the case of highly-doped Si (N, >1x10*® cm?®) [165], Auger
recombination is enhanced by coulombic interactions between electrons and holes
[166]. Thus, both the coulombic enhancement and temperature-dependence of intrinsic
recombination mechanisms were accounted for in this study. For the analysis presented
in this chapter, the general parameterization given by Richter et al. was used [167]. The
expression for intrinsic recombination at room temperature (25 °C) provided by this

model is given by [167]:
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An
it = p — n2)(2.5 x 103 g onng + 8.5 X 1032 g,nmpo + 3 x 102940092 + B)  (3.6)

where B is the Coulomb-enhanced, temperature-dependent radiative recombination
coefficient using the parameterisation provided by Altermatt et al. [168]. The terms
Jeen aNd gy are carrier density-dependent enhancement factors for the two types of
three-carrier interactions involved in Auger recombination, reflecting the increased
probability that the carriers involved in recombination will be in the same place [123,

167]. These enhancement factors are given by:

i 0.667

geeh(no) =1+ 134{1 —tanh ( o ) } (37)
| NO,eeh
r D 0.637

9enn(Po) =1+ 7.5{1 —tanh < : ) } (3.8)
| \No,enn

where Ng gep = 3.3x10Y cm™ and N ,p, = 7.0x10Y" cm™. Whilst the temperature-
dependence of Auger recombination has not been examined in detail, Wang and
Macdonald determined a constant Auger coefficient for temperatures up to 200 °C
[169], which covers the temperature range examined in this work. Hence, the Richter
model was assumed valid across the measured temperature range used for all TIDLS

analysis presented in this thesis.

3.1.1.3 Bulk defect (SRH) recombination

First developed by Shockley and Read [170] and Hall [171] in 1952, SRH
recombination describes the recombination activity due to defects in Si (such as
impurities or crystallographic defects) that introduce electronic states within the Si
bandgap that facilitate the relaxation of conduction band electrons, with excess energy
released as phonons to the Si lattice [172]. The recombination process itself is described

as a two-step process in classical SRH theory, with one of two scenarios occurring:

1) A conduction band electron and a valence band hole are captured by the defect

level and recombine at the defect level.

2) A conduction band electron relaxes to the defect energy level before relaxing
to the valence band to recombine with a free hole in the valence band.
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The recombination activity of the defect level depends on temperature, location of
the Fermi level and defect energy level, as well as the capture cross-sections of the
defect and the concentration of the defect [173]. Assuming the states are non-interacting
and the defect capture and relaxation times of carriers are non-limiting, the
recombination rate of a single defect state is given by [170]:

np — n?

_ 3.9
Usri [Tro(@ + P1) + Tpo(n +1y)] (3:9)

with 7,0and 7,, defined as the electron and hole capture time constants, defined as

Tno = (Nevena,) ™ and 7,0 = (Ntvthap)_l, respectively, where o, and o, are the
capture cross-sections of electrons and holes and N; is the defect density. In Equation
3.9, n; and p, describe the SRH densities of electrons and holes at E;, and can be

calculated using the following expressions:

Ec — Et)

= (3.10)

ng = NC exp (—

(3.11)

E — EV)

N (_
P1 v €Xp kT

where N, and Ny, are the effective density of states in the conduction band and valence
band, respectively. Hence, the lifetime component associated with a SRH recombination

component with a single trap level is defined by [174]:

N An  [Tho(po + p1 + An) + Tpo(no + 1y + An)]
SRE ™ Uspu Po + no +An (3.12)

These equations form the basis of the LS analysis and SRH defect parameter

extraction from TIDLS measurements presented in this chapter.

3.1.1.4 Surface recombination

Discontinuation of the crystal structure at the surface of a Si substrate results in the
presence of large concentrations of partially-bonded Si atoms (also known as dangling
bonds). These crystal defects introduce surface recombination states in the Si bandgap.
As a result, surface recombination is simply a special case of the previously discussed

SRH recombination, with the defects located at the surface instead of the bulk. Thus, the
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recombination rate for a single surface defect state can be described according to a
specific formulation of the SRH recombination expression in Equation 3.9:

_ SnOSpO(nsps - nlz)
Sno(ns +ny) + Spo(ps + p1)

(3.13)

N

In this equation, ng and p, are the electron and hole densities at the surface, whilst

Sno and Sy, are the surface recombination velocities, which are dependent on the

concentration of surface defect states per unit area at a single energy level, D;;:
Sno = onVnDit SpO = GpvthDit (3.14)

However, surface defect states tend to occupy energy levels throughout the bandgap,
and thus the true recombination rate must be integrated across all E;, with the energy-

dependent contributions of n,, p; and D;; considered, leading to the expression:

U. = .fEC Uth(nsps - nlz)
S Ey [ns + 1y (EQ)] |, [ps + p1(E)]
Jp(Et) Gn(Et)

Dit(Et)dE (3.15)

_.|_

Surface recombination is a rate per unit area parameter (instead of a per unit volume
area, as in the case of the other recombination parameters discussed previously in this
chapter), and thus the surface recombination velocity (SRV), S, is typically used in
place of minority carrier lifetime [123]:

Us

S
Ang

(3.16)

where Ang is the excess carrier concentration at the surface. If ng and p, are unknown,
then an effective surface recombination velocity is often quoted, S.¢¢, defined as the
recombination rate at a plane representing the edge of the surface SCR, with an upper

bound of S=1x10" cm/s imposed by the thermal velocity of carriers [123].

Assuming samples with symmetrically-passivated surfaces, there are two limiting
cases that allow for simplified expressions for the surface recombination contribution
that was proposed by Sproul [175]. In the case of high S, the effective lifetime is
dependent on carrier diffusion towards the surfaces rather than recombination at the
surface (since carriers recombine immediately once they reach the surface). Hence, the

surface lifetime component reduces to the expression:
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1 T SwW
— =D, (—) for - >100 (3.17)

where W is the Si wafer thickness and D,, is the excess carrier diffusion constant.
Conversely, in instances of low S values, carrier diffusion towards the surfaces can be

ignored and thus 7, can be determined by:
_z 3.18
—=w for —<-— (3.18)

Sproul demonstrated that both these expressions were valid within 4% for the ranges
of validity stated above [175]. Grivikas et al. proposed a combination of these two
limiting expressions to explain the surface contribution across the whole parameter
plane, which successfully covered intermediate ranges with a deviation of less than 5%
for arbitrary values of S, W and D,, [175, 176]:

2 _1
1. K+i(ﬂ) (3.19)
Ts 2§ Dy, \m
Recently, Mclintosh and Black [177] demonstrated that S, is dependent on the

substrate doping and the stored charge in the dielectric. Thus, depending on the
accumulation/inversion conditions at the Si-dielectric interface, passivation quality of

undiffused Si may better be defined by a surface saturation current density, Jys.

3.1.1.5 Effective lifetime

The sum of these different recombination contributions above gives rise to the
effective minority carrier lifetime for a given sample:
1 1 1 1 1

= + + +— (3.20)

Te ff TAug Trad TSRH Ts

The injection-dependent contributions of intrinsic and bulk defect recombination can
be seen in Figure 3.1. Each of these components need to be accounted for to extract
accurate information about defect parameters using TIDLS analysis. Of particular
importance is the removal of surface recombination effects, which can be achieved
through effective passivation techniques or subtraction of different lifetime curves with
identical surface conditions. This is discussed further in Section 3.2.3.1.
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Figure 3.1: Component lifetime curves for a 1 Q.cm p-type Si wafer, showing impact of
intrinsic recombination (Auger and radiative) and SRH recombination via a deep defect

on the injection-dependent effective lifetime (from [178]).

3.1.2 SRH fitting and defect parameter extraction

Extracting information about the defect responsible for increased SRH recombination
generally involves fitting the SRH equation (Equation 3.12) to experimentally-obtained
injection-dependent lifetime curves (known as injection dependent lifetime
spectroscopy, IDLS). Since the electron and hole capture cross-sections for a defect
state may differ by several orders of magnitude, one of the absolute quantities, 7,

Or 7,0, is often replaced with k:

Jp Tho Uth,e (3'21)
As a result, the SRH equation becomes:
Po + 1 +An ng+n, +An
TsrH = Tno k ] (3.22)
Do + 1y + An Do + 1y + An

Like E¢, k is a relative defect parameter which does not depend on N, or o, ,,, which

are difficult to determine with LS techniques. Assuming the minority carrier
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concentration is negligible compared to the majority carrier concentration at thermal
equilibrium, Murphy et al. developed a mathematical method to simplify the fitting

procedure via linearisation of the injection-dependent lifetime curve for p-type Si [179]:

TpoN1 = TpoP1
4

Po Po

Tponl _ Tn0p1> ]

+ X (T —
po Po Po

TSRH = [Tno + (3.23)

where X is defined as the ratio between the total electron and hole concentrations, n/p.
Through this linearisation, only linear curves are now fitted with the gradient m and

intercept b of the fitted line expressed as a function of £, o,, and o,,:

TpO(Gp) "1y (Et) _ Tno(0n) * P1(Er)
Po bo

m = T,0(0p) — (3.24)

Tpo(0p) " N1 (Er) N Tno(0n) * D1 (Et)

b=1,(0,) +
n0(0n) e o

(3.25)

Employing this linearisation, the optimum fitting parameters are presented as a
defect parameter solution surface (DPSS), a least-squares minimization methodology
introduced by Rein [123]. For each energy level, the optimum k and t,, are determined.
However, the same fitting quality (i.e., least squares fitting error) can be obtained for a
wide range of energy levels. Therefore, a single DPSS-k curve will produce a wide
range of defect parameter combinations that adequately fit the curve as seen in Figure
3.2. This ambiguity can be removed by performing the same IDLS measurements on
samples with: (a) different base doping concentrations (known as Ngop-IDLS); or (b) the
same sample but at different temperatures (TIDLS). The intersection points of different
DPSS-k curves reveal two possible combinations of optimum defect parameters that
provide an adequate fit across the whole range of IDLS measurements, narrowing the

determination of defect parameters.

Whilst variations on fitting procedures based on the DPSS method have been
introduced in recent years by Sun et al. [180], Bernardini et al. [181] and Zhu et al.
[182], the original methodology described above is that fitting procedure that was
employed in the characterisation of Cu defects in Si as presented in this chapter. It is
also assumed in DPSS analysis that k is temperature-independent, however this may not
necessarily be the case (since oy, ,, can vary with temperature, as discussed later in this

chapter).
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Figure 3.2: SRH defect analysis for a Ti-contaminated Si wafer, including: (a) IDLS
curve and 2-level SRH fit; (b) Chi? of least squares fit; and (c) corresponding DPSS
curve, showing the ambiguity in the defect parameter fitting optimisation when

performed on a single ILDS curve (from [123]).

3.2 Characterisation of Cu precipitates using TIDLS

3.2.1 Introduction

The characteristics of Cu precipitates in Si (size, density, distribution) have a
significant impact on their carrier recombination activity [183]. The nucleation and
growth of precipitates is dependent on several factors, including density of nucleation
sites, Cu; concentration and illumination conditions [153, 158]. Since Cu can be
introduced at various stages in the cell processing sequence, the impact of precipitate
growth conditions on Cu defect recombination activity needs to be more thoroughly
assessed - in particular, the differences between Cu precipitate formation due to Cu
contamination during ingot formation compared to light-activated Cu precipitation from
surface-diffused Cu in the bulk (which is of particular importance when examining Cu
diffusion and degradation from plated contacts for Si solar cells). This section reports
on advanced lifetime spectroscopy analysis of both light-activated and ingot-grown Cu
defects in Si using TIDLS to compare the recombination activity (k and E;) and relate
this to the precipitate formation conditions present in the different contamination

methodologies.
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3.2.2 Experimental

3.2.2.1 Sample Preparation and processing

In this experiment, two different batches of 100 mm p-type FZ-Si wafers were
contaminated with Cu using separate approaches (see Figure 3.3 below for process
summaries and Table 3.1 for summary of wafer conditions). For the first approach, a
280 pm thick ~3 Q.cm double-side polished FZ-Si wafer was symmetrically-passivated
with a ~15 nm thermal oxide (SiO2) grown during a 40 min dry oxidation at 900 °C
followed by a 20 min anneal at the same temperature in nitrogen (N2) ambient.
Following thermal oxidation, surfaces were spin-coated with a 1 ppm copper sulfate
(Cu2S0a4) solution, followed by a 20 min anneal at 800 °C to drive Cu into the Si bulk
(cooling rate ~4 °C/s), resulting in an estimated Cu concentration of 1-2x10%* cm?,

For the second approach, 240 um thick Si wafers were taken from a 100 mm 3 Q.cm
FZ ingot in which a surface Cu source was driven into the Si bulk during the FZ
crystallization process of a Cz ingot. Details of the cooling rate for the ingot were not
provided by the ingot supplier. Wafers were initially saw damage etched to remove 20
pum from the wafer thickness, removing surface saw damage as well as random-pyramid
texturing the surface (removal of saw damage confirmed through microscope inspection
of surface condition). Wafers were then symmetrically-passivated with a ~80 nm SiNx
deposited using PECVD with a Meyer Burger MAIA system. Wafers were selected
from different heights in the ingot, with the Cu concentration ranging from

approximately 3x10* to 5x10% cm™ (estimation only based on surface concentration).

Table 3.1: Sample conditions for the Cu-contaminated Si wafers in this work.

Surface Contaminated Ingot Contaminated
Thickness (um) 286 220

Resistivity (2.cm) 3-35 3-35

Surface condition Polished Textured
Dielectric passivation SiO; SiNy

Jos (FA/cm?) 27 27
O Content (cm™) < 5x1016 < 5x10%®
Cu content (cm®) 1-2x10% 3-5x10% (*)

(*) Variation in concentration between wafers from different heights in the ingot.
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Surface Contaminated Ingot-Contaminated
RCA Clean + HF Dip Cu Drive-in during FZ crystallisation
15 nm thermal oxide (SiO,) growth Saw damage etch (20 um)
1 ppm Cu,SO, spin-coating RCA Clean + HF Dip

Cu drive-in at 800 °C for 20 min

in N, ambient SiN, Passivation via PECVD

Light-soak at 60 °C and 1 Sun Light-soak at 60 °C and 1 Sun
(until lifetime saturation) (until lifetime saturation)

Figure 3.3: Summary of the different processing sequences for Cu defect formation in
the different FZ-Si wafers examined in this experimental work.

For the surface-contaminated sample, the wafer was cleaved into quarters as required
by the measurement system used for TIDLS measurements (detailed more in the
following section). For the ingot-contaminated samples, wafers were cleaved down to
40 x 40 mm? tokens. Due to non-uniform Cu distribution and lifetime across each 100
mm wafer, the central region was selected for analysis as it likely contained the highest
concentrations of Cu and minimised the impact of non-uniform lifetime on the

extraction of defect parameters via TIDLS.

All wafers examined in this work were exposed to 1 Sun illumination with the use of
4 x 500 Watt Halogen floodlights until lifetime saturation was achieved. This was to
initiate Cu-LID in the case of the surface-contaminated samples, as well as confirm the
pre-existing formation of the defect in the ingot-contaminated samples [44, 134]. The
sample temperature was maintained at 60 °C using a calibrated hotplate. Following
light-soaking, samples were dark annealed at 210 °C for 10 min to remove any potential
BO degradation [122]. An image of the light-soaking setup used in these experiments is

shown in Figure 3.4.
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Figure 3.4: Light-soaking setup used in this experiment, including halogen lights and
hotplate with thermocouple to maintain a constant temperature during light-soaking.

3.2.2.2 Characterisation and Modelling

Samples were characterised before and after light-soaking using a combination of
quasi steady-state photoconductance (QSS-PC) measurements with a Sinton WCT-120
lifetime tester at room temperature (RT) and PL imaging with a BT Imaging LIS-R1
imaging tool. The oxygen content of each sample was measured using Fourier transform
infrared spectroscopy (FTIR). The surface passivation quality of both samples was

assessed using three different methodologies on uncontaminated Si wafers:

1) Application of the Kane-Swanson method for extraction of Jos and thus S, sf

from the slope of the intrinsic-corrected lifetime curve at high injection [184]:

_gWn? d (1 1
Jos = —— 7 Ty T (3.26)
5. = Ny + An
err = Jos qn? (3.27)

2) Plotting inverse lifetime vs inverse half thickness for a set of samples with
different thicknesses and identical high bulk lifetime [175, 185].

3) Determining the injection-dependent upper limit of S.¢r using the equation

below and the Richter model for intrinsic recombination (Equation 3.6):
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After light-soaking and dark annealing, TIDLS measurements were performed on a
modified Sinton WCT-120 with an 18 mm diameter sensor region (minimising edge
recombination effects) and a liquid nitrogen-cooled sample stage, providing a wider
temperature range for TIDLS measurements than the commercially-available WCT-
120TS (-150 °C — 400 °C). For these experiments, the temperature range selected was
-25 °C to 200 °C, with measurements taken at steps of 25 °C. A combination of QSS
flash measurements and 810 nm LED measurements were performed to obtain lifetime
data across a wide injection range. Calibrations of temperature and photoconductance
decay (PCD) measurements were both performed to maximise the accuracy of lifetime
data and DPSS analysis (see Appendix A for details on calibration procedure). Lifetime
stability during temperature-dependent measurements was monitored with room
temperature measurements before and after the TIDLS measurements of representative
samples. As the measurements before and after TIDLS were found to be similar, no

hysteresis effect was identified for wafers presented in this chapter.

With the data obtained through TIDLS measurements, the defect parameters
associated with Cu precipitates were obtained by applying the fitting procedure
described in Section 3.1.2. In previous studies [95, 186], the examination of defects in
Si was performed by extracting the SRH lifetime from samples with and without the
defect in question as given by:

1 1 1

— = — (3.29)
Tcu Tdeg Tref

Since adequate reference samples could not be obtained for all the samples examined
in this work, this methodology could not be applied. However, in the case of sufficiently
well passivated surfaces and significant bulk recombination (assuming Cu as the only

source of recombination), the effective lifetime equation can be simplified to:

- = _— - = (3.30)
Tcu Tefr T Ts  Tepr T;

Thus, it was assumed that the bulk defects represented the dominant recombination

mechanism and the effect of surface/edge recombination could be considered negligible.
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This was considered a fair assumption in the case of significant Cu-related degradation
as observed in this experiment (discussed further in Section 3.2.3.1). Cu precipitate
density and radius was also estimated by fitting RT IDLS curves to a fitting model

specific for metallic precipitates (for more details, see Section 2.4 [159, 160]).
3.2.3 Results and discussion

3.2.3.1 Assessment of surface impact on effective lifetime

The impact of surface recombination on the effective lifetime was extracted using
control wafers with no Cu contamination, allowing the influence of bulk lifetime to be
considered negligible. Using the Kane-Swanson method [184], recombination current
densities of < 30 fA/cm? were measured on both the SiO, and SiNx passivated samples,
corresponding to an S,¢r of approximately 25 cm/s at An=1x10% cm according to
Equation 3.27, indicating sufficiently good passivation for both the Si wafers examined
in this work. Despite sufficient passivation quality implied by the Kane-Swanson
method, band-bending at the dielectric-Si interface due to charges at the semiconductor
surface leads to an injection-dependent S,sr [187]. An upper limit on S, across the
entire injection range was obtained using Equation 3.28 for a set of uncontaminated Si
wafers passivated with SiNy, with the results presented in Figure 3.5 below.
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Figure 3.5: Upper limit of S, as a function of injection level for uncontaminated p-type

FZ-Si samples of different thicknesses with an 80 nm SiNy layer on both sides.
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The overall trend between the four samples was very similar, with an upper limit on
Sery 0f 18-35 cm/s across the entire injection range. Since the upper limit of the SRV
was highest in the high-injection range, the inverse of effective lifetime was plotted
against the inverse of the half-thickness to extract S, from the slope of the curve at an
injection level of An=1x10% c¢cm=, with the results of this method presented in Figure
3.6 below. Initially, an estimated S, ¢ of ~16 cm/s was determined with this method.
However, it was noticed that the wafer with a thickness of 245 um did not follow the
same trend as the other thickness wafers examined (this mismatch is also visible in
Figure 3.5), which distorted the linear fits obtained by plotting inverse lifetime vs
inverse half-thickness. Removing this sample and re-examining the trend provided a

much more accurate fit and produced an estimated S sf of ~12 cm/s. In both cases, the

estimated S, was below the upper limit for S, s, determined by Equation 3.28.
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Figure 3.6: Inverse lifetime as a function of the inverse half thickness of the wafer
extracted at an injection level of An = 1 x 10%® cm?3, (left) with four different samples,

or (right) excluding the anomalous wafer with thickness W = 245 pm.

As mentioned previously, the impact of surface recombination is normally eliminated
by subtracting the inverse lifetimes of a control sample from a contaminated sample
with an identical passivation layer (Equation 3.29). However, since reference samples
with identical conditions were not available for this experiment, the elimination of
surface recombination as a factor in impacting the effective lifetime in comparison to
the bulk SRH impact of the Cu precipitates had to be assessed. One method to confirm
whether the measured effective lifetime was impacted only by bulk SRH lifetime
(within 10% experimental error) was proposed by Schmidt and Aberle [188]. Assuming
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an inherent systematic error, x, the conditions required by t.;r, W and S, to ensure

the deviation between 7, and 7, is below x% is given by:

Teff X
— 31
W < 2008 (3.31)

Thus, the upper-limit on S, required to eliminate the impact of the surface on
effective lifetime was determined for the different wafer thicknesses between the
surface-contaminated and ingot-contaminated Si wafers using Equation 3.31. This
relationship is shown in Figure 3.7, where the shaded region below the curves represent
the regions in which effective lifetime and bulk lifetime could be deemed equivalent
within experimental error. The red dashed region highlights the region in which all the
Cu-contaminated samples examined in this work can be described, whilst the black
dashed line represents an upper limit on S, for both SiO2 and SiNx coated wafers.
Since these were undiffused Si wafers, taking into account the conclusions of MclIntosh
and Black [177], ], as determined by the Kane-Swanson method (25 cm/s) was chosen
as the more accurate measure of surface passivation quality and thus used as the
maximum threshold value in the graph below, which determined an upper limit of 60 us

on ¢ below which negligible surface recombination effects can be assumed.
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Figure 3.7: Relationship between S.rr and 7.r for the sample wafer thicknesses

examined in this experimental work.
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Whilst the surface recombination of the SiO. coated samples were not analysed to
the same extent as the SiNx coated samples, the extremely low lifetime due to more
severe bulk recombination observed in these surface-contaminated samples allowed for
the assumption of minimal difference between ., and 7, according to Equation 3.31.
Murphy et al. made the same assumption when characterising the defect parameters of
O precipitates in Si with TIDLS measurements using the methodology described in
Section 3.1.2 [179]. This assumption was also made across the entire temperature range
examined in TIDLS measurements based on recent studies by Nie et al. [189] and
Bernardini et al. [190] which demonstrated that S.rr decreases with increasing
temperature for a SiNx passivation layer equivalent to that employed in this work. As
long as the improvement in 7., with temperature is less than the improvement in S, ¢,
the assumption of equivalence between . and ., is valid. Since all samples in this
work satisfy these requirements, the assumption of negligible surface recombination in
comparison to severe bulk recombination is valid within an error range of 10%, which is

a tolerable error for advanced lifetime spectroscopy analysis [123].

3.2.3.2 Characterisation of Cu precipitates using TIDLS

Figure 3.8 below presents the monitored lifetime for a surface-contaminated FZ-Si
wafer during light-soaking (1 Sun illumination and 60 °C) as well as the
uncontaminated wafer used for SRV determination in the previous section. The
degradation of lifetime under illumination occurs via a single asymptotic degradation
process, with complete lifetime saturation achieved after 24 hr of light-soaking. By
comparison, the control sample presented no observable degradation in lifetime,
confirming Cu-LID as the sole degradation mechanism activated during light-soaking.

46



Lifetime Spectroscopy Analysis of Copper in Silicon

|

—s=— Cu-contaminated |
—— Reference
0.8 -

06 |-

04

Normalised lifetime at An = 1x10"® cm™

1
10 100 1000

lllumination time (min)

o
o
\\.

o
(=]
-

Figure 3.8: (a) Normalised effective lifetime at an excess carrier concentration of
An=1x10% cm? as a function of light-soaking duration at ~1 Sun illumination and 60 °C

for a Cu-contaminated p-type FZ-Si wafer as well as an uncontaminated reference wafer.

As witnessed in the comparative PL images in Figure 3.9, the lifetime degradation
occurred uniformly across the wafer. The brighter region observed along the edge of the
degraded PL image could be due to slight non-uniformities in the Cu spin-coating
process or potentially an impact of the drive-in process, although the exact cause could
not be ascertained in this work. Regardless, the lifetime degradation observed as a result
of Cu-LID occurring in the wafer was extensive as seen in Figure 3.9 (a), with nearly
two orders of magnitude in lifetime lost as a result of Cu precipitate formation under
illumination. In terms of the influence of surface recombination, the good passivation of
the thermally-grown SiO, (Jo=27 fA/cm? as determined from the Kane-Swanson
method [184]) combined with the extensive bulk lifetime degradation fell within the
margin of error as determined in Figure 3.7. Thus, the effective lifetime and SRH
lifetime required for defect parameter characterisation were deemed to be equivalent

within a reasonable margin of error.
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Figure 3.9: (a) Minority carrier lifetime measured on a Cu-contaminated p-type FZ-Si
wafer before and after light-soaking at ~1 Sun illumination and 60 °C, and (b)

corresponding PL images (exposure time = 0.5 s, photon flux = 2.72x10'" cm™s?).

Based on previous studies [94, 95], an adequate fit of the entire range of lifetime
curves requires the assumption of two non-interacting energy levels — a defect level
which dominates recombination at low injection levels, and a secondary defect level
that primarily affects the lifetime at high injection conditions. These two non-interacting
energy levels represent the edges of a band of defect energy states introduced into the
upper half of the bandgap [36, 97]. Whilst it is assumed in this work that the levels are
non-interacting, this may not be the case and future studies may require more advanced

fitting procedures that investigate the possiblity of interacting defect levels.

An example of the linearisation of intrinsic-corrected lifetime curves and associated
fitting of two defect levels can be seen in Figure 3.10. However, as clear from the set of
curves shown in Figure 3.11, the extent of degradation was so severe that high injection

conditions could not be obtained with the setup used in this experiment. Hence, the
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shallow defect level affecting the high injection region of the lifetime curve could not be
fitted in this case. The source of the weak secondary level at very low injection could
not be determined at this stage (although trapping is often a cause of anomalous lifetime
increase under very low injection conditions < 1x10%*cm). However, since significant
uncertainty in the secondary level was expected due to the dominance of the other
defect level, only the dominant defect energy level was examined in this experiment as
it represents the dominant recombination-active defect state for Cu precipitates in Si
[95].
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Figure 3.10: Linearisation of intrinsic corrected injection-dependent lifetime curve for a
surface-contaminated p-type FZ-Si wafer after light-soaking at ~1 Sun illumination and

60 °C, showing the optimum fitting of the curve using a two-level defect fit.

The set of temperature and injection-dependent lifetime curves for the Cu-
contaminated Si wafer obtained after light-soaking are presented in Figure 3.11.
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Figure 3.11: Intrinsic-corrected injection-dependent lifetime curves for a surface-
contaminated p-type FZ-Si wafer after light-soaking at ~1 Sun illumination and 60 °C

measured at different temperatures (actual wafer temperature given in figure).

Following the fitting methodology defined in Section 3.1.2, The DPSS analysis for a
surface-contaminated FZ-Si wafer is presented in Figure 3.12. The convergence of all
the DPSS curves revealed two minima in the standard deviation curve [Figure 3.12 (b)]
located at E+-Ei =-0.14 + 0.01 eV and E+-Ei = 0.11 £ 0.01 eV. Error margins in E; and k
were determined assuming a 10% tolerance in the width of the minima as used in
previous studies [95]. The corresponding capture cross-section ratio determined at these
minima was determined to be k = 1.4 £ 0.2. These values are in close agreement
(primarily the solution positioned in the upper-half of the bandgap) with recent results
obtained by Inglese et al. [95], who determined two energy levels at Et-E; = -0.06 + 0.01
eV and E+Ei = 0.08 £ 0.01 eV with a corresponding capture cross-section ratio of k =
1.7 + 0.4 on p-type FZ-Si wafers of similar thickness, resistivity and estimated bulk Cu;
concentration. Inglese et al. attributed the defect parameters obtained to Cu precipitates
formed during illumination, thus it can be concluded that the same Cu precipitate was

formed in the light-soaked samples examined in this work.
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Figure 3.12: Example DPSS analysis of temperature and injection-dependent lifetime
curves for a deep level defect in Cu-contaminated p-type FZ-Si wafer after surface Cu
contamination, drive-in and light-soaking at ~1 Sun illumination and 60 °C. (a)
Superposition of DPSS-k curves and (b) associated absolute standard deviations in the
DPSS-k curves as a function of defect energy level with respect to the mid-gap level, E;.
The shaded regions define the value ranges within 10% standard deviation of the minima.

Figure 3.13 presents the injection-dependent lifetime curves (measured at the centre
of the wafer) and corresponding PL images for the ingot-contaminated set of wafers.
There is a clear decrease in carrier lifetime as a function of ingot height, as well as a
strong non-uniformity across the 100 mm wafers, with the degradation much more
severe in the centre of the wafer. The decrease in lifetime with ingot height and distance
from ingot edge can both be attributed to the segregation of interstitial Cu to the molten
region during crystallisation of the FZ ingot [191]. Furthermore, the negligible change

in effective lifetime after light-soaking at ~1 Sun, as shown in Figure 3.13 (b), confirms
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that the defect responsible for the observed degradation in these samples was already
formed and thus no interstitial Cu remained when light-soaking was performed.

Figure 3.13: (a) Minority carrier lifetimes measured on p-type

FZ-Si wafers from different heights in a Cu-contaminated ingot,
and (b) measured lifetime at An=1x10' cm™ before and after
light-soaking at ~1 Sun illumination and 60 °C. PL images
showing non-uniform lifetime in ingot-contaminated wafers as
a function of ingot height are also shown (exposure time = 0.1
s, photon flux = 2.72x10'" cms) Numbers corresponding to
ingot height, 1 = Top, 5 = Bottom.
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The temperature and injection-dependent lifetime curves for the most heavily-
contaminated Si wafer (bottom of the ingot) are presented in Figure 3.14 below, along
with an example of the linearisation and two defect level fitting. As with the previously
surface-contaminated and light-degraded sample, these curves could only be adequately
fitted assuming contributions from a dominant and secondary defect level. Once again,
only the dominant defect level was fitted (with the secondary level only significant

under high injection) according to the procedure outlined in Section 3.1.2.
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Figure 3.14: (a) Linearisation of intrinsic corrected injection-dependent lifetime curve
and the optimum fitting of the curve using a two-level defect fit, and (b) intrinsic-
corrected injection-dependent lifetime curves for the most heavily degraded ingot-
contaminated p-type FZ-Si wafer (bottom of the ingot) measured at different temperatures

(actual wafer temperature provided in figure).
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The DPSS analyses for each of the ingot-contaminated FZ-Si wafers are presented in

Figure 3.15 below.
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Figure 3.15: DPSS analysis for ingot contaminated p-type FZ-Si wafers from different

positions in the ingot, including the superposition of DPSS-k curves and associated

absolute standard deviations in the DPSS-k curves as a function of defect energy level

with respect to the mid-gap level, E; (shaded regions identify minima + 10%).
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Regardless of position in the ingot, DPSS analysis of each sample produced the same
two optimum solutions at E+-Ej = -0.16 £ 0.03 eV and Et-E;j = 0.08 + 0.03 eV, as well as
a capture cross-section ratio of k = 5.6 + 1.4, which is significantly higher than that of
the light-activated Cu precipitate (k = 1.4 £ 0.2). This k value falls between previous
results of Inglese et al. [95] (k = 1.7 + 0.4) and Macdonald et al. [94] (k = 10), once
again indicating the presence of Cu precipitates introducing a band of energy states in
the upper half of the bandgap (as discussed in Chapter 2) [36, 97]. The larger standard
deviations observed in defect energy levels and k values were due to the poorer
convergence of the DPSS-k curves for these samples. Whilst this may have been the
result of errors due to assuming negligible surface impact when obtaining TIDLS
measurements, potential temperature-dependence of the capture cross-sections could

also contribute to the variation of k across the temperature range examined in this work.

To examine this variation between the two sample precipitates and analyse the
temperature dependence of the capture cross-sections (o), the SRH model was
applied to the temperature dependent lifetime of selected wafers from both sample sets
at a set injection level (An = 2x10%* cm™ so as to examine the impact of the deep defect
level only). The TDLS results and SRH fit for both samples can be seen in Figure 3.16.
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Figure 3.16: Temperature dependence of the Cu precipitate-related SRH lifetime
measured at a fixed injection level (An = 2x10%* cm) for a surface-contaminated FZ-Si
wafer after light-soaking at ~1 Sun illumination and 60 °C (red curve, left-hand axis) and

a ingot-contaminated FZ-Si wafer (blue curve, right-hand axis).
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The optimum fit to the experimental data could only be obtained assuming a defect
energy level in accordance with the results of the DPSS analysis and a power-law
dependence of g, (i.e. o7 = g, X T~%), with the corresponding a for each fitted curve
given in the graph above. This power-law dependence is also in agreement with the
previous temperature dependence identified by Inglese et al. [95], where a power-law
dependence in the capture cross-section was observed. This power law dependence is
often attributed to the excitonic Auger capture process [192], which has been identified
as the most efficient mechanism for recombination via deep defect energy levels [123].
From Figure 3.16 it seems that there is stronger temperature dependence for the ingot-
contaminated wafers than the surface-contaminated wafers, which has been theorised to
be the result of differences in the precipitates formed in the two sample types, and
specifically, the temperature dependence of thermionic recombination currents across

the Schottky junction formed at the precipitate-semiconductor interface [95, 193].

Although it is acknowledged that the observed temperature dependence is most likely
the result of temperature-dependent capture coefficients, it is also possible that due to
the extended nature of Cu precipitates, the band of energy states associated with such a
defect (as discussed in the previous chapter) impacts the observed temperature
dependence. As a result, the temperature dependence can also be due to the secondary,
shallow defect level identified using TIDLS (see Figure 3.14 for example). However,
the selection of low injection conditions to examine temperature dependence of the deep
defect with TDLS should have eliminated the effects of the shallow defect that
primarily impacts the SRH lifetime under high injection conditions [194].

A better understanding of the root cause behind the stronger temperature dependence
and larger k values for the ingot contaminated samples requires more information to
determine if there is any relationship between differences in the temperature
dependence of k and the size/density of the precipitates. A summary of the main defect
parameters extracted through TIDLS and DPSS analysis are presented in Table 3.2.
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Table 3.2: Summary of extracted defect parameters for Cu precipitates formed under

different conditions as performed in this experiment.

SRH Defect parameter Cu-LID precipitate Ingot-formed precipitate
k 14+0.2 56+14
(E¢ — E)min (eV) -0.14 £0.01 -0.16 £ 0.03
(E¢ — E)max (€V) 0.11+0.01 0.08 £ 0.03
a(T) o T—135 o T—2:54

Whilst SRH lifetime fitting using the method developed by Rein is the most established
curve-fitting procedure for defect analysis [123], the recombination activity of metal
precipitates can also be fitted using an alternative model developed by Kwapil [160]
based on a Schottky model for metallic precipitates [159] (as described in Chapter 2),
which may help better understand some of the observations made with the results of
DPSS analysis on the differently-contaminated Si samples. In Figure 3.17, the
precipitate model was fitted using a least squares approach similar to DPSS analysis
under the assumption that the entire concentration of Cu; (as provided in Table 3.1) was

converted to precipitates all with some approximated average radius.
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Figure 3.17: (a) Intrinsic-corrected injection-dependent lifetime curve for a Cu-
contaminated p-type FZ-Si wafer after light-soaking at ~1 Sun illumination and 60 °C
and the associated best fit with the Schottky precipitation model, including (b) the
corresponding precipitate density and (c) the fit error calculated for different precipitate
radii. The shaded regions define the value ranges within 10% standard deviation of the

minima.

The corresponding best fit for the surface-contaminated FZ-Si wafer was obtained
with an estimated precipitate radius of 4 nm and a corresponding precipitate density of
1x10% c¢m3, which reflected similar results to a recent study by Inglese et al. [183],
where the same model was applied to similar samples after formation of Cu precipitates

under illumination. Whilst the restriction of the model to spherical precipitates of a
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single radius limits the physical interpretation of these results, the good fit between the
experimental lifetime curves and the precipitate model indicates that Cu precipitation

can adequately describe the defect responsible for Cu-LID in these wafers.

However, performing the same fitting procedure on the ingot-contaminated samples
revealed some interesting information. Firstly, using the estimated interstitial Cu
concentration as provided in Table 3.1 with the Schottky model could not provide an
adequate fit to the SRH lifetime curves. To achieve an adequate fit, the interstitial Cu
concentration was left as a floating parameter during the fitting procedure. The optimum
precipitate density and radius obtained with this best fit were 2.9x10'2 cm= and 219 nm,
respectively. Based on this, the estimated interstitial Cu concentration was determined

to be above 10?! cm using the following relationship [183]:

NCui = Nprec (rprec) "Pcu Vprec(rprec) (3.32)

Thus, an adequate fit of the precipitate model was only achieved for the ingot-
contaminated samples when assuming an initial Cu; concentration near the solubility
limit for Cu in Si. Whilst at first glance this may seem impossible, the nature of Cu
segregation during crystallisation of the FZ ingot may have resulted in significantly
high concentrations of interstitial Cu in the centre of the ingot, although this was
difficult to determine in this study. Furthermore, like the DPSS results discussed earlier,
there is no clear correlation between ingot position and precipitate density/radius as seen
in Table 3.3.

Table 3.3: Overview of optimum fit precipitate density and radius for ingot-contaminated
p-type FZ-Si wafers from different positions in the ingot as determined with the Schottky

precipitate model.

Ingot Position Precipitate Density (cm) Precipitate Radius (nm)
Top-Middle 1.36x10%2 226
Middle 1.05x10*2 273
Middle-Bottom 1.73x10* 239
Bottom 2.9x10"2 219
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Figure 3.18 presents the corresponding fitting results for the Schottky model on the
lowest lifetime ingot-contaminated FZ-Si wafer (bottom of the ingot).
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Figure 3.18: (a) Intrinsic-corrected injection-dependent lifetime curve for an ingot-
contaminated p-type FZ-Si wafer and the associated best fit with the Schottky
precipitation model, including (b) the corresponding precipitate density and (c) the fit
error calculated for different precipitate radii. The shaded regions define the value ranges

within 10% standard deviation of the minima.

According to the precipitation model described in Section 2.4, Cu precipitation rate
is regulated by the solubility of Cu; atoms in Si, with the supersaturation level

representing the primary driving force for Cu precipitation. In the recent study by
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Inglese et al. [183], it was shown that heavier doping imposed a lower supersaturation
level, resulting in a slower degradation rate and subsequently a larger precipitate radius.
Thus, the primary driving force between the vastly different recombination behaviours
of surface-contaminated/light-activated Cu precipitates and ingot-grown Cu precipitates
may be this varying supersaturation condition between the two sample types which in
this case was modulated by the differences in Cu; concentration. The different cooling
rates experienced by the two sample types could also have contributed to the different
precipitation behaviour due to variations in supersaturation and Cu; concentration.
However, this is difficult to determine due to the different processing sequences used to
process the two sample types. The more rapid precipitate formation in the case of the
illuminated surface-contaminated Si wafers resulted in precipitates with a small radius.
On the other hand, the combination of a potentially high concentration of segregated
interstitial Cu in the ingot-grown Si wafers, coupled with the slow defect formation in
the absence of extended illumination, resulted in the formation of much larger
precipitates. The larger precipitate radius of the ingot-contamination Si samples could
also be related to a stronger deviation from the spherical model in these samples. For
example, Donolato demonstrated that spherical precipitates of radius » had an
equivalent SCR to disc-shaped precipitates with radius 7 /2r [195]. Other factors, such
as different concentrations of oxygen precipitates or nucleation sites, may also be
responsible, although that could not be determined in this particular study. It was
recently shown by Sun et al. that Cu intentionally introduced into a Cz ingot during
crystal growth formed precipitate colonies along {110} planes, which may have some
impact on the precipitate size and distribution, although it was not confirmed in this
study [196]. However, the results presented in this chapter have significant implications
on the study of Cu precipitate formation due to the diffusion of plated Cu through

barrier metals on plated solar cells, as discussed in more detail in Chapter 6.

3.3 Chapter Summary

In this chapter, the recombination activity and properties of Cu precipitates in p-type
FZ-Si were characterised using two different methodologies performed on injection-
dependent lifetime curves. Two different types of precipitate growth were examined in
this work — one set of samples in which Cu was driven into the bulk and then precipitate

formation was initiated under illumination at ~1 Sun and 60 °C (Cu-LID), and one set
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of samples in which the Cu was introduced during the crystallisation of an FZ ingot in
the dark, resulting in a build-up of precipitates in the centre of the ingot.

The recombination activity of the different Cu precipitates were first characterised
using SRH fitting of temperature and injection dependent lifetime curves. Due to a lack
of suitable uncontaminated reference samples, the surface recombination had to be
assessed to determine whether it could be deemed negligible in its impact on the
effective lifetime curves analysed with TIDLS curve fitting. Both sample types were
measured to have surface recombination velocities below 25 cm/s (using the Kane-
Swanson method), which was subsequently determined to be insignificant compared to
the extensive degradation in the bulk lifetime within an error of 10%. Thus, effective
lifetime and bulk SRH lifetime were assumed equivalent for the fitting procedures
performed in this work.

The DPSS analysis of the surface-contaminated FZ-Si revealed two possible defect
energy levels located at E+-Ei = -0.14 + 0.01 eV and E+Ei = 0.11 = 0.01 eV, with a
corresponding capture cross-section ratio of k = 1.4 £ 0.2. In comparison, the ingot-
contaminated FZ-Si revealed similar defect levels at E+-Ei = -0.16 + 0.03 eV and E+-Ei =
0.08 = 0.03 eV, as well as a capture cross-section ratio of k = 5.6 £ 1.4, which was
significantly higher than that obtained on the surface-contaminated Si samples. Both
samples also observed a strong power-law temperature dependence (a(T) = o,T %),
with a = 2.54 for the most-degraded ingot-contaminated samples compared to o = 1.35
for the surface-contaminated Si sample. This difference was theorised to be due to the
temperature dependence of thermionic emission currents across the Schottky junction
formed at the precipitate-Si interface. However, both samples correlate with previous
results of Inglese et al. (k = 1.7 £ 0.4) and Macdonald et al. (k = 10), once again
indicating the presence of Cu precipitates introducing a band of energy states in the

upper half of the bandgap.

Precipitate model fitting was also performed on room temperature injection-
dependent lifetime curves from both sample types. The corresponding best fit for the
surface-contaminated FZ-Si wafer was obtained with an estimated precipitate radius of
4 nm and a corresponding precipitate density of 1x10'° cm3, whilst the optimum
precipitate density and radius determined for the ingot-contaminated FZ-Si samples
were 1-3x10'2 cm™ and ~219-280 nm. For both the DPSS and precipitate model fitting
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methods, no significant difference in precipitate recombination activity and size/density
were determined for Si wafers from different heights in the ingot. This was theorised to
be the result of high concentrations of segregated Cu in the central regions of the ingot

overpowering any difference in concentration with ingot height.

In summary the different recombination behaviour of Cu precipitates between the
two samples was determined to be due to differences in precipitate size and density as a
result of different growth rates between dark and illuminated precipitation conditions.
The presence of oxygen precipitates in Cz-Si (such as those used as the substrate in the
plated cells analysed in future chapters) has been shown to reduce the nucleation barrier
and accelerate the nucleation of Cu precipitates [137, 183]. However, the impact on the
capture cross-section ratio in Cz-Si remains unclear. Consequently, it is difficult to
relate the findings presented in this chapter directly to Cu-related degradation studies
presented in Chapter 6.
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Chapter 4 Copper Diffusion through Plated
Metals in Solar Cell Contacts

For transition metals such as Cu to impact the performance of Si solar cells as we
have seen at a wafer level in Chapter 3, they first need to be introduced into the
substrate. In the case of Cu-plated solar cells, one of the key sources of metal
contamination is from the plated contacts themselves. This chapter reports on the results
of experiments which investigated the diffusion of plated Cu throughout the entire
plated contact stack during extended thermal processing and long-term stability testing.
Copper diffusion through capping metals on plated contacts is detailed, in terms of its
relationship to the properties of the capping layer itself, as well as the impact it has on
subsequent electrical degradation analysis with Suns-Voc measurements following
extended thermal aging. Observations of plated metal diffusion into the Si substrate are
also presented and discussed in terms of Ni barrier quality for Cu-plated solar cells as a
precursor to a more detailed electrical degradation analysis of different cell structures

which is presented in Chapter 6.

4.1 Diffusion barriers for plated solar cells

4.1.1 Categorisation of diffusion barriers

The implementation of Cu as a replacement for Ag for solar cell contact formation
demanded the development of efficient diffusion barriers to protect devices from Cu
ingress. Ideally, this barrier layer should be electronically transparent (i.e. - low bulk
resistivity and contact resistance), atomically opaque (resistant to inter-diffusion) and
thermodynamically stable with adjacent materials [197]. The placement of chemically-
different atomic layers in close proximity often leads to elemental migration which can
be driven by a number of factors, such as concentration gradients, application of an
electric field, availability of thermal energy, or the existence of negative free energy of
reaction [198]. The effectiveness of diffusion barriers can be assessed using different
approaches based on two primary failure modes: (i) metallurgical mode, whereby the

chemical composition of the barrier is altered as a result of increased diffused metal
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content within the barrier (several atomic percent), and (ii) electrical mode, in which the
electrical properties of the substrate underneath the barrier are altered as a result of
metal diffusion through the barrier layer without significant intermixing of the two
metals, with the most common diffusion pathways being defects or grain boundaries
within the barrier layer [28, 198]. These failure mechanisms indicate that microstructure
of the barrier layer, such as the arrangement/density of grain boundaries, plays an
important role in determining its performance. The microstructure of thin-film layers
can be defined by one of the following categories — single crystal, polycrystalline (with
either random or columnar grain structure), nano-crystalline (grain size < 5 nm) and
amorphous (no long-range periodicity in lattice structure). These categories are

illustrated in Figure 4.1 below.
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Figure 4.1: Thin film microstructure categories: (a) crystalline; (b) polycrystalline; (c)

polycrystalline columnar; (d) nano-crystalline; and (e) amorphous (from [198]).

Metallic refractory alloys have been most extensively investigated as diffusion
barriers for IC devices due to their high thermal stability, chemical inertness and high
conductivity, ensuring minimal inter-diffusion during subsequent thermal processes

involved in device fabrication [199]. Significant efforts were made by several groups in
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the 1990s to develop effective thin film diffusion barriers through characterisation of the
electrical failure mode of various barrier materials [200-213]. This was achieved by
measuring the leakage current of revere-biased p-n junctions to detect penetration of Cu
into the Si substrate [28]. Tungsten (W), tantalum (Ta) and titanium (Ti) were the
primary focus of these studies due to their desirable physical, chemical and electrical
properties, with several binary and ternary compounds also examined. Through these
studies, it was subsequently concluded that amorphous ternary alloys incorporating Si
were the most effective diffusion barriers (TaSiN, TiSiN), with pure metals (Ta, W, Ti)

having the least effective barrier properties of all the studied materials [214].

The microstructure of a thin film depends significantly on how it is deposited [215].
For films deposited by physical vapour deposition (PVD), a columnar polycrystalline
structure is typically obtained, providing a direct fast diffusion path for Cu that traverses
the entire film, resulting in the ineffectual diffusion barrier properties of pure metal
films deposited by PVD [216]. In general, elemental materials are poor diffusion
barriers unless they are completely absent of defects and grain boundaries [217]. To
improve this, either the grain size can be increased by annealing after deposition, or the
grain boundaries can be ‘stuffed’ with elements such as O, nitrogen (N) and carbon (C)
by altering the deposition conditions, such as temperature and gas composition [218—
220]. Further additions can be made during deposition (such as the addition of Si) to
create nano-crystalline and amorphous films which operate most effectively [205, 221],
although it was noted by Istratov et al. that Si-containing ternary compounds tend to
have the highest resistivity of these barrier materials. Consequently, the Si IC industry
tends to use TaN or TiN as a Cu diffusion barrier [28]. The effectiveness of different

thin film categories can be ranked according to the flowchart in Figure 4.2.

amorphous
Stuffed grain
boundaries
nano-crystalline
Large grains single crystal

Figure 4.2: Classification of various diffusion barriers according to effectiveness, from

worst (left) to best (right) performance (adapted from [219]).
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4.1.2 Ni as a diffusion barrier for solar cells

Despite extensive studies on the properties of diffusion barriers for Cu interconnects
published by the IC industry, comparative investigations of barrier layers for Si PV
applications and their effectiveness are limited. As mentioned previously, the
implementation of Ni-Cu plating for solar cell metallisation was developed by Motorola
in the 1970s [12, 222], a process which involved electroless plating of a Ni seed layer
that was then sintered to form a Ni silicide (NiSi), with the residual Ni stripped and then
a contact stack of Ni and Cu deposited using flash plating followed by immersion
capping with Ag to prevent corrosion of the Cu. During the same decade, several
studies examining the effectiveness of electroless Ni as a diffusion barrier to Cu were
also published. In 1974, Turn and Owen investigated the ability of plated Ni and Ni
alloys in preventing inter-diffusion of Cu and gold (Au) [46]. Comparing Ni barrier
layers of different compositions and thicknesses, an electron microprobe was used to
examine the concentration-distance profile of Cu, Ni and Au at temperatures of 400 and
550 °C for 12 to 53 hours. Pinnel and Bennett then extended this analysis to a wider
temperature and time range in 1976 [47], obtaining a series of inter-diffusion profiles
for the Cu-Ni-Au system. An example of the profiles obtained is shown in Figure 4.3. In
both studies, it was demonstrated that while Ni acted as an effective diffusion barrier
over the conditions tested, it performed more as a retardant to Cu diffusion, rather than a

perfect barrier.

Although Turn and Owen gave minimal description of the mechanisms responsible
for the inter-diffusion observed in this early work, they provided early evidence for the
improved barrier properties of alloyed and amorphous microstructures [46]. In the
hypophosphite-based electroless Ni plating process used by Motorola, P is co-deposited
with Ni at concentrations of 3-15% [223, 224]. As the concentration of P in the Ni alloy
is increased, Turn and Owen showed that the penetration of Cu through electroless Ni
barriers was significantly lower than that of pure electroplated Ni layers [46], a result
that was also confirmed in several subsequent studies [49, 225, 226]. It was reported by
Bredal et al. that once the percentage of incorporated P exceeds 11.6%, the Ni alloy
becomes amorphous instead of polycrystalline [226], which explains the improved
barrier qualities of impurity-containing Ni alloys (such as Ni-P and Ni-W [220, 227])
due to the elimination of grain boundaries which act as low energy diffusion paths for
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Cu. With this early understanding of the barrier properties of electroless Ni layers in
mitigating Cu diffusion, Motorola claimed 20 year stability for electroless Ni/Cu
systems at ~ 60 °C for 6 hrs/day [13]. Recent analysis of 20 year old BP Solar Saturn
modules employing electroless Ni further indicated its effective barrier properties by

demonstrating higher PR in the field than comparative screen-printed modules [52].

Cu Ni Avu

AuMa

NiKq

CuKa

Figure 4.3: Representative inter-diffusion behaviour for Au/Ni/Cu layer stacks at an
annealing temperature of 400 °C for 80 days (from [47]).

A shift from electroless Ni plating to LIP [14, 23-25] was made when Suntech
adopted Cu plating for the metallisation of their Pluto LDSE cells [21, 22, 228], thereby
significantly reducing the plating time (3 hr reduced to 10 min for Cu plating) as well as
increasing the lifetime of the electrolyte of their inline plating tool. However, the
adoption of LIP or pure Ni in place of electroless Ni (doped with P) implied a
polycrystalline barrier layer. Despite this, a number of studies have reported success in
passing thermal cycling and damp heat tests with Ni/Cu plated modules as required by
IEC 61215 quality standard [57, 229-231]. This suggests that, even if Cu is penetrating

through the Ni diffusion barrier, it does not appear to be impacting cell performance.

This conclusion is supported by several stability studies tracking pFF of heat-treated
Cu-plated solar cells [51, 54, 55]. Using a similar approach to that used by the IC

industry (using leakage current to detect Cu precipitate formation at the junction),
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Bartsch et al. rationalised that Cu penetration would result in an increase in junction
recombination due to precipitation of Cu in the n-type region, which could be monitored
with Suns-Voc measurements during extended thermal exposure [50]. Using the time
taken for the pFF to degrade below 95% of its initial value (similar to the requirements
for module power degradation in IEC 61215), it was demonstrated that cell lifetime
would not be limited by Cu diffusion with a 20 mg Ni layer (corresponding to ~ 200 nm
barrier thickness), and that increasing the thickness of the Ni layer increases the time
required to reach this degradation condition [232]. Performing the same test at different
temperatures and then assuming an Arrhenius relationship resulted in an estimated
activation energy, Ea, of 1.01 eV for 20 mg Ni, which is ~ half the Ea for intrinsic Cu
diffusion through pure Ni [232]. Since pFF degradation involves several steps - Cu
diffusion through the Ni layer, the Ag seed layer and the Si substrate, as well as Cu
precipitation - the estimated Ea is representative of the fastest step associated with the
degradation which may in fact be the precipitation reaction rather than the diffusion of
Cu through Ni. Thus, the Ea estimated by Kraft for Cu transport through the plated Ni
barrier supports previous evidence of the impact of microstructure on enhancing or

inhibiting Cu diffusion into Si solar cells.

Despite the apparent electrical stability of Cu-plated cells employing Ni diffusion
barriers, material studies present a different story. Flynn and Lennon [233] used cross-
sectional transmission electron microscope (TEM) and energy dispersive X-ray
spectroscopy (EDS) of heat-treated Cu-plated LDSE solar cells with both electroless
and bias-assisted LIP Ni barrier layers, observing Cu precipitates in the underlying Si of
both structures if cells were quenched in ethylene glycol (see Figure 4.4). However, if
cells were allowed to slow cool (as would be expected in the field), no precipitates were
observed. It was presumed that quenching resulted in a local saturation of Cu that was
unable to out-diffuse to the surface, instead precipitating in the n-type region of the cell
(similar to findings by Istratov et al. [36] and Flink et al. [37]). As has already been
discussed in Chapter 2 and demonstrated in Chapter 3 of this thesis, n-type Si can
behave as a very effective gettering site for Cu. Since the modules produced by BP
Solar and Suntech both had heavily-doped selective emitter n+ regions, and the stability
tests of Bartsch et al. and Kraft et al. used cells with moderately heavy diffusions (50-
90 Q/o) to enable the printing of a screen-printed Ag seed layer, this may have

restricted the penetration of Cu to the n* regions of the device. In the absence of cooling
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rates such as those subjected to plated cells in Flynn and Lennon’s work (~1000 K/s),
Cu typically has sufficient time to out-diffuse to the cell surface, minimising the
potential of recombination-active Cu precipitates forming in the bulk of the cell.
Although out-diffusion of Cu to the surface may be fortuitous for SE p-type solar cells,
the sensitivity of more lightly-doped p-type PERC and n-type PERT Cu-plated cells
with direct-plated Ni barriers on laser-ablated openings may be more severe.

N 44.99nm :

Figure 4.4: (a) closely-packed Cu precipitates (identified using EDS) located under a
metal finger in a p-type LDSE cell heated at 400 °C for 5 hrs and then quenched in
ethylene glycol; (b) a close-up view of individual Cu precipitates (from [233]).

It should be clear from this discussion that the assumption of direct-plated Ni as an
effective diffusion barrier for Cu may be limited. Despite recent examinations of LIP-
deposited Ni alloys (namely Nickel-Cobalt, NiCo) [234, 235], the industry has persisted
in the application of polycrystalline Ni barrier layers for Cu-plated modules. By
incorporating electrical degradation analysis with material characterisation techniques, a
more complete picture of the diffusion behaviour of Cu through plated Ni barrier layers
may be possible, which is the primary motivation behind the experiments described in
the following sections of this chapter.
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4.2 Cu diffusion through plated Ag layers

4.2.1 Introduction

Most plated cells employ a Ag capping layer to prevent the plated Cu from oxidising
(if cells are not encapsulated) or to prevent Cu from being in contact with, and
potentially reacting with, the encapsulant. Whilst BP Solar’s Saturn modules were
produced using plated Cu capped with immersion Ag, LIP Ag is can also be used [14].
When thermal testing is performed on cells using the methodology introduced by
Bartsch et al. [50], it is assumed that the Cu remains capped with Ag during the heat
treatment in order to prevent Cu oxidation from interfering with the accuracy of the
measurements. However, from the discussion on diffusion barriers in Section 4.1, the
typically polycrystalline nature of plated metals raises the concern that Cu may
penetrate capping layers in experiments designed to test thermal stability and assess Cu
diffusion into the Si substrate. Consequently, this section reports on the results of
experiments which investigated the contact integrity of plated metal stacks during
typical thermal annealing processes that are used to estimate cell lifetime in the field

through an Arrhenius analysis [50, 51, 55].
4.2.2 Experimental

4.2.2.1 Plating process

The experimental results obtained from plated solar cells presented throughout this
thesis are all obtained using a standard front contact processing sequence which is
described in this section (see Figure 4.5 for a summary). Deviations from the standard
processing sequence in this and future chapters are specified as required. For this
particular group of experiments, cells were fabricated using 156 mm boron-doped 1-3
Q.cm Cz-Si wafers with random-pyramid texturing. A homogeneous phosphorus-doped
emitter with a sheet resistivity ~ 110-120 Q/o, surface concentration of ~ 2x10%° cm™3
and junction depth of ~ 0.4 um was formed using POCIs diffusion. After rear etching, a
75 nm SiNy antireflection coating (ARC) was deposited on the front surface using direct
PECVD and a full-area aluminium (Al) rear contact was screen-printed and fired to

form a full-area p* back surface field (BSF).
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picosecond (ps) laser ablation patterning

Bias-assisted LIP Ni plating (~1 um)

Bias-assisted LIP Cu Plating (8-10 pum)

LIP/Immersion Ag Capping (< 1 um)

Figure 4.5: Summary of processing sequence common to all cell-based experiments as
detailed in this thesis. Steps such as contact sintering and pre-processing before front

contact patterning and plating are specified according to individual experiments.

Small cell contact grids (23 mm x 23 mm cell area) were patterned on the front
surface using a 266 nm ps Lumera Super Rapid Nd:YAG laser with a BBO crystal for
the 4th harmonic, integrated into a galvo/stage micromachining system. The laser
system had a nominal aperture width of 15-20 um and an average laser fluence of 0.44
Jiem? and 37% pulse overlap was used to form both the fingers and busbars (see
Appendix B for a description of fluence calculations). The resulting ablated finger width
was 13 um (measured using an optical microscope) and a finger spacing of 1.5 mm (16
fingers in total) was used to form the metal grids via stage scanning. Busbars 1 mm
wide were ablated with a 9 um pitch between adjacent laser scans using stage scanning
and each cell grid contained one centrally-located busbar. After removal of the native
oxide by immersion of the front surface in 1% (w/v) hydrofluoric acid (HF), front
contacts were formed on the exposed Si by plating a stack of Ni (~ 1 pum) and Cu (8-10
pum) using bias-assisted LIP (described in detail in Ref [236]) with Barrett SN1 Ni
sulphamate (MacDermid Inc.) and Helios EP2 Cu (MacDermid Inc.) plating solutions,
respectively. Bias currents of 23 mA/cm? and 40 mA/cm? were used for Ni and Cu LIP,
respectively. The plating sequence was performed using single-side immersion tools
developed in-house, in which electrical contact between the rear electrode and the solar
cell is maintained using a vacuum chuck, and the cell front surface in contact with the

plating solution is illuminated from underneath, as illustrated in Figure 4.6. To minimise
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depletion of metal ions at the Si surface and maintain a constant plating rate, the
solution was maintained at a set temperature with a heat bath and refreshing of plating
solution was achieved with a recirculation pump. The plated surface was rinsed in DI
water between each plating step to prevent cross-contamination, with the surface also
kept wet to prevent oxide growth during the deposition of the front contact stack which

could impact adhesion.

Vacuum and rear

— 0 0 D—>
electrode
Solar cell

Voltage —— Plating
— S N
source Solution

—> Anode

Illumination source

Figure 4.6: Schematic of bias-assisted LIP process employed in this experimental work.
The blue arrows represent the re-circulation of plating solution to minimise depletion of

the Cu and Ni ions at the Si wafer surface.

Two different capping methods were examined in these experiments: (i) Ag capping
deposited using bias-assisted LIP (MacDermid Helios Silver EPF 400); and (ii) capping
with a Ag immersion solution (MacDermid Helios Silver IM 452). The average
thicknesses of the capping metals were ~ 1.0 um and ~ 0.3 um respectively. Each 156
mm cell precursor contained 25 small cells as can be seen in the PL image presented in
Figure 4.7, so individual cells were laser-cleaved after plating for edge isolation,
characterisation and further processing. The final dimensions of the small plated cells

were 25 x 25 mm?2.

74



Copper Diffusion through Plated Metals in Solar Cell Contacts

Figure 4.7: Open-circuit PL image of a 156 mm wafer after ps-laser ablation of 25 small
cell contact patterns on the SiNy front surface (photon flux = 2.55 x 101" cms%, exposure
time =0.15s).

One group was sintered in a rapid thermal processing (RTP) furnace at 350 °C for 1
min in N2 ambient before characterisation to form a Ni silicide layer, whilst a second
group was characterised without sintering. The formation of Ni silicide in cells from the
first group was assumed based on previous reports that confirm Ni silicide formation at
temperatures of 250-400 °C [237-240]. Cells were exposed to 200 °C in a muffle oven
with N2 ambient for 500 hours to simulate long-term operation at elevated temperatures.
Selected samples from each group were used as a control for contact characterisation
and did not undergo thermal stability testing. After thermal annealing at 200 °C, some
cells were quenched in ethylene glycol (cooling rate ~ 1000 K/s) immediately after
thermal treatment followed by rinsing in DI water while the remaining cells were cooled
under ambient conditions (cooling rate ~ 4 K/s). The different quenching methods were
examined to see whether the quenching process contributed to any changes in the
contact integrity after thermal annealing, based on the effect of quenching observed by
several studies previously mentioned in Section 4.1.2. Individual cell batches will be
referred throughout this chapter according to batch IDs based on their processing
conditions. A full description of the cell processing conditions examined in this

experimental work are summarised in Table 4.1.
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Table 4.1: Summary of processing conditions examined in the diffusion barrier analysis
experiments detailed in this chapter. Each condition is given an ID which is then

combined to describe individual batches of cells.

Capping Metal ID | Sintering Condition ID Cooling Method ID
LIP Ag L Sintered S Quenched Q

Immersion Ag I Non-Sintered NS Ambient Cooling A

4.2.2.2 Characterisation

Cells were electrically characterised before and after thermal exposure using a
combination of light and dark I-V measurements using a calibrated in-house constant
illumination 1-V tester under standard test conditions. Suns-Voc measurements were
performed using a Sinton Instruments illumination-voltage tester, with Suns-Voc being
measured at three points along the 25 mm long busbar (one at each end of the busbar
and one in the centre). Characterisation of the contact structure at regions of interest was
performed by obtaining cross-sections using single beam focussed ion beam (FIB)
milling (FEI XP200), followed by high-resolution imaging of the contact cross-section
using the same tool. A thin layer (1 um) of platinum (Pt) was deposited on top of the
plated contact stack prior to milling to minimise damage of the sample caused by the
high current beam during milling. TEM specimens were then prepared using the FEI
XP200 and TEM imaging was performed with a Philips CM200 TEM system. EDS

measurements were obtained with a Bruker SDD detector.

4.2.3 Results and discussion

During thermal stability testing of the Cu-plated cells, a discolouration of the plated
front contacts was observed (see Figure 4.8). This discolouration was visible after only
1-2 days of continuous thermal exposure at 200 °C in the dark. It was often
accompanied by anomalous data obtained during Suns-Voc measurements of plated
cells after thermal stability testing, and more specifically a reversal in the open-circuit
voltage (Voc) that was measured at illumination intensities greater than ~ 2 Suns (see

Figure 4.9). This indicated some form of thermally-induced contact damage.
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Figure 4.8: Photo of a p-type Al-BSF solar cell with Cu-plated front contacts and LIP Ag
capping layer (a) before thermal stability testing (i.e., after plating and sintering), and (b)
after 500 hours thermal exposure at 200 °C.
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Figure 4.9: Suns-Voc curve measured for a Cu-plated solar cell with a LIP Ag capping

layer (sintered) before and after thermal exposure at 200 °C for 500 hours.

For cells exhibiting this voltage reversal at high illumination intensities, there was a
significant reduction in the 1-Sun Voc determined using the Suns-Voc measurement
compared to the Voc measured on the same cells using an |-V tester. Additionally, the
severity of the 1-sun Voc mismatch between the I-V and Suns-Voc measurements varied
between different front contact structures and processing sequences. Figure 4.10 graphs
Voc values obtained from I-V and Suns-Voc measurements for the different processing
groups. The Ag capping method impacted the 1-sun Voc mismatch considerably, with
up to 100 mV mismatch recorded for cells capped with a LIP Ag capping layer

77



Chapter 4

compared to ~ 50 mV for cells capped with an immersion Ag layer. Sintering proved to
be the next most significant factor, with cells that had undergone sintering prior to
thermal stability testing experiencing a larger 1-sun Voc mismatch overall, regardless of
the Ag capping method employed. However, no clear correlations were evident between
cooling method (i.e., quenching vs ambient cooling) and the severity of the 1-sun Voc

mismatch.

Il Voc (lluminated 1V)

065} I voc (Suns-Voc)

0.60

0.50

Open-circuit Voltage (V)

Figure 4.10: Comparison of Voc measurements on cells with different Ni/Cu/Ag plated
structures using 1-V and Suns-Voc measurements. The x-axis captions are labelled
according to the convention outlined in Table 4.1.

Initially, it was suspected that the observed non-ohmic behaviour in Suns-Voc
measurements was due to the presence of a Schottky barrier between the measurement
probe and the Si, with the Schottky diode building up an opposing voltage to the cell
junction voltage at high illumination intensities when the contact resistance between the
metal and Si was increased. Although generally observed in relation to rear point
contacts [241-243], it has also been reported for plated laser-doped bifacial cells, where
insufficient p-type dopants were incorporated during laser doping of the contacts [244].
To understand the underlying cause of this discrepancy between Suns-Voc and I-V
measurements, FIB cross-sectional images were obtained from plated cells before and
after annealing at 200 °C for 500 hrs in N2 ambient to examine any deterioration in the
plated metal stack. Figure 4.11 shows FIB cross-sections taken before and after

extended thermal exposure on plated cells with different contacts stacks.
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Figure 4.11: Cross-sectional FIB Images of Ni/Cu/Ag plated and sintered contacts with

different capping layers before and after thermal testing at 200 °C for 500 hr: (a)
immersion Ag before; (b) immersion Ag after; (c) LIP Ag before; and (d) LIP Ag after.
The average thickness of the Ag capping layer was 0.3 and 1 um for the immersion Ag

and LIP Ag cells, respectively.

No clear evidence of deterioration in the Ni/Si or Ni/Cu interface was observed in
any FIB cross-sections, yet extensive void formation was evident between the Cu and
the Ag capping layer. In the LIP Ag capped cells, these voids were several micrometres
long as can be seen in Figure 4.11(d), whilst the voids were often smaller and more
dispersed in the immersion Ag capped samples, such as that visible in Figure 4.11(c).
Furthermore, a completely new layer had developed above the capping Ag in both
plated structures (with a thickness of 0.5-1.5 um). Subsequent TEM/EDS analysis
revealed this new layer to comprise of diffused Cu which had formed during thermal
stability testing.
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In Figure 4.12, EDS line scans of a sintered immersion Ag and sintered LIP Ag
plated stack reveal this newly-formed layer to comprise of mostly Cu, but with a small
amount of O also being detected. The high-resolution TEM images and EDS line scans

also confirm the presence of voids between the plated Cu contact and Ag capping layer.
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Figure 4.12: High-resolution TEM Image (left) an EDS line scan (right) across a plated
Cu contact stack (sintered) capped with: (a) LIP Ag; and (b) immersion Ag capping.

Aside from a recent study by Lee et al. that showed evidence of diffused Cu on top
of a LIP Ag capping layer after 60s of sintering at 350 °C [240], the presence of such a
significant layer of diffused Cu on top of the Ag capping layer for plated solar cells had
not been reported in any previous work examining thermal stability of plated contacts,
which is surprising as it is not unexpected given the polycrystalline nature of plated
metals, especially the LIP Ag capping layer. As discussed in Section 4.1, most barriers
act as a retardant to Cu diffusion rather than a complete barrier, especially in the case of
polycrystalline barriers formed by most plating techniques since Cu can diffuse rapidly
along grain boundaries [205, 245, 246]. Tompkins and Pinnel [247] estimated that at
150 °C the rate of growth of a diffused Cu layer over an electroplated Au capping layer
was ~ 45 A per day (equivalent to ~ 0.1 um after 500 hrs at 150 °C). At low
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temperatures (< 250 °C), diffusion along grain boundaries and crystal defects in the
plated metal dominate, with an activation energy approximately half that observed for
lattice diffusion through an intrinsic metal layer [232, 248]. Thus, the presence of
distortion in the Suns-Voc curve after only 1-2 days at 200 °C suggests very low

activation energies for Cu diffusion through the Ag capping layer.

Models of grain boundary diffusion typically assume an empty ‘pipe’ (i.e., a grain
boundary or dislocation) and an ‘infinite sink’ at the surface. A sink is usually assumed
to be a chemical reaction at the surface (e.g., oxidation of Cu), with an ‘infinite sink’
implying that the rate of diffusion is slower than the rate of the surface reaction.
Tompkins and Pinnel showed that for Au-capped Cu on printed circuit boards, different
‘surface sinking’ environments could impact the rate at which the Cu penetrated the Au
capping layer. Annealing samples in a vacuum resulted in less Cu transport through the
capping layer than when samples were annealed in air, where Cu at the surface could be
oxidised thereby providing a more effective ‘sink’ reaction. However, even more
extensive Cu transport through the Au was observed when the Cu/Au samples were
annealed on the printed circuit board. During annealing, chlorine (CI) was released from
the board, and it was proposed that the Cl could react with the Cu as traces of Cl were

detected in the surface Cu layer [247].

The surface reaction providing the ‘surface sink’ in this case was not clear given that
the cells were annealed in N2, which should have minimised surface Cu oxidation.
Without such a sink, the diffusion channels through the Ag would have been expected
to become saturated and thus reduce the amount of Cu transported through the capping
layer. However, a small amount of O was detected in the EDS analysis of the surface
Cu layer after thermal annealing. This may have been due to low levels of O being
present in the muffle furnace during annealing, or due to impurities that may have been
incorporated in the plated stack during deposition. It can be very difficult to completely
eliminate O at each of the Si, Ni and Cu surfaces while plating and during
sintering/annealing, desorption of such impurities to the surface may offer an
appropriate sink [249, 250].

Various models of grain boundary diffusion have been proposed [251-253], although
the dependence of diffusive mass transport on the specifics of crystal structure (grain

size, impurities at the surface, boundary width and tortuosity), as well as the varying
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nature of the surface sink, make it difficult to apply previous measurements of Cu
diffusion rates to this particular case. The grain structure of the Ag capping layer
depends on the deposition method, with LIP Ag layers being relatively thick (1 pm in
this work) and comprising larger grains (> 500 nm) whereas immersion Ag layers are
typically thinner (< 0.5 um) and consist of smaller grains (generally < 100 nm, although
difficult to determine from FIB imaging). EDS maps of each type of plated cell as
shown in Figure 4.13 show improved layer integrity of LIP Ag compared to immersion
Ag capping layers. In certain sections along the TEM, the immersion Ag layer almost
disappears entirely, as seen in the extreme case of a sintered immersion Ag capping
layer shown in Figure 4.13(b). In the case of immersion Ag capping, this layer may
instead perform more as a sacrificial barrier to Cu, with the Ag intermixing with the Cu
during thermal processing to produce the more dispersed void formation observed in
immersion-capped cells after thermal exposure [205, 209, 222, 254]. Sintering is known
to increase grain size [255], and in doing so, may have provided more efficient diffusion
paths for Cu to penetrate the Ag capping layer, resulting in the more extensive non-
ohmic behaviour observed in sintered cells with both methods of Ag capping. The
increased frequency of large void formation in immersion Ag capped cells that had been
sintered also suggests that the increased grain size may have influenced the performance
of this layer as a sacrificial barrier. Thus, it is possible that there is a relationship

between barrier crystallinity and inter-diffusion between two adjacent metals layers.

Figure 4.13: EDS maps of a plated contact after sintering and extended thermal exposure

at 200 °C for 500 hrs with: (a) immersion Ag; and (b) LIP Ag capping layers.

In an attempt to remove the non-ohmic behaviour, the busbar regions originally
probed were ‘scratched’ with the probe tip and then the measurement was repeated. This

process removed the voltage reversal effect at high illumination intensities as seen in
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Figure 4.14, providing a measured 1-Sun Voc that more closely matched the results
obtained with the calibrated 1-V tester. A small discrepancy between the two values
remained, but these were expected primarily due to differences in the illumination
sources used in the Suns-Voc and I-V measurements (flash lamp compared to steady-
state halogen lights). Although this improvement after ‘scratching’ could be interpreted
as evidence of the presence of a resistive oxide at the surface which is then removed by
this process (cuprous oxide is known to act as a semiconductor [256], potentially
creating a Schottky barrier between the probe and the metal contact), the FIB cross-
sections in Figure 4.15 indicate that collapsing of the voids between the Cu and Ag was

responsible for the Voc recovery in Suns-Voc measurements.

The presence of voids in the contact structure at the Cu/Ag interface indicates that
high resistance between the probe and the solar cell was responsible for the distorted
Suns-Voc curves. The voids reduced the effective contact area between the probe and
the underlying cell, thus increasing resistance between the probe and the cell [242].
Although the presence of voids was not reported at the Cu/Au interface, Tompkins and
Pinnel similarly reported a large increase in contact resistance after low-temperature
annealing (10 mQ to > 10 Q after annealing at 125 °C for 5 days [247]). However, since
no resistance effects were observed in the I-V measurements (as highlighted in Table 4.2
below), the increased resistance in this case is not due to any series resistance effects
within the cell, but due to the external resistance between the cell and the measurement
system used to obtain Suns-Voc data. Thus, collapsing the voids reduced the resistance
between the probe and the sample, improving the accuracy of the Suns-Voc data and
confirming that the voids due to Cu diffusion were the root cause of the distorted Suns-

Voc measurements obtained in these experiments.

Table 4.2: Summary of selected I-V results before and after thermal treatment of Cu-
plated solar cells with different Ag capping layers (sintered).

. Thermal I-VVoc  Sinton Voc FF n Rs
AgCappPINg | rroatment | (mV) (mV) %) (%) (Q.emd)
Before 639 640 76.8 193 0.89
Immersion
After 631 591 752 186 0.84
Before 636 639 765 19.1 0.97
LIP
After 631 535 75.7 18.6 0.91
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Figure 4.14: Comparison of Suns-Voc curves obtained before and after ‘scratching’ of
the busbar region on a plated solar cell with a LIP Ag capping layer (sintered) after 500
hours at 200 °C.

Figure 4.15: Cross-sectional FIB images of plated contact (sintered) with a LIP Ag

capping layer: (a) before ‘scratching’ the busbar; and (b) after ‘scratching’ the busbar.

This external resistance effect can be modelled according to the equivalent circuit
presented in Figure 4.16, which has been defined previously to model un-metallised
cells with high contact resistance [257]. For simplicity, the solar cell is represented by a
photodiode acting as a voltage source, with the resistance effects of the solar cell itself
assumed to be negligible (a fair assumption based on the corresponding I-V results

measured for each sample after thermal treatment as highlighted in Table 4.2).
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Figure 4.16: Equivalent circuit diagram describing a solar cell coupled with a Suns-Voc
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measurement system (based on model presented in [257]).

The voltage measured during a Suns-Voc measurement is not the actual Voc of the
device, but instead the voltage measured at the amplifier inputs of an A/D data
acquisition card used by the tool. The solar cell voltage, V,.;, is modified by an RC
low-pass filter formed by the capacitance of the tool, C, (made up of the cable
capacitance, C.4p1. and input capacitance of the amplifier, C;) and the probing resistance
between the cell and the probe, R,,. Based on the one-diode model, the open-circuit

voltage of the solar cell during a single pulse of the flash lamp can be described by:

Veou(8) = nqﬂ (jﬁ—t) " 1) 4.1)

0

where J(t) is the light-generated current density as a function of time, J, is the
recombination current density, k is Boltzmann’s constant, n is the solar cell ideality
factor, q is the elementary charge, and T is the absolute temperature in Kelvin. A single
flash pulse (see Figure 4.17) can be separated into two distinct phases — an initial steep
rise in light intensity, followed by an exponential decay with a time constant normally
on the order of 1-2 ms. In the case of minimal probe resistance, V,.(t) will closely
follow the device voltage, V,.;(t). However, as demonstrated by Weber and Aberle
[257], a high external resistance can result in the observed voltage reversal during the
first phase of a flash pulse. During this first phase, the effect of the RC low-pass circuit
increases, distorting the high intensity region and creating a rounding of the curve as

seen in Figure 4.9. During the second phase of the flash pulse, the exponential decay
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only results in a small error from the RC circuit, and thus V,. and V,,;; follow each other
closely.
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Figure 4.17: Intensity profile for the flash lamp used in the Sinton Suns-Voc tester. The
red dash line coincides with the peak intensity, followed by an exponential decay with a
time constant, 7 = ~ 1.7 ms.

The cell voltage after passing through the RC low-pass circuit is defined according
to:

(4.2)

v (o)
Vre(t) = <Vcell(t) - RpCC )

dt

However, the description provided by Weber and Aberle was insufficient to explain
the voltage shift of the entire curve observed in this experimental work. The cause of
this shift was the result of a limitation of the Suns-Voc setup used in these experiments.
The input voltage at the amplifier was not just affected by the probe resistance and the
capacitance of the tool, but also by the input impedance of the amplifier itself, R;. Thus,
the cell voltage measured at the amplifier input was determined by:

dV(t)) y R;

Voc(t) = <Vcell(t) - RpCC dt R. X R, (4-3)
P i

Depending on the input impedance of the data acquisition card (R;), the voltage

measured by the tool may be shifted significantly. The importance of having a high
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input impedance to combat high contact resistance has been stressed previously in
relation to Suns-Voc measurements on directly-probed a-Si:H and pc-Si:H devices
[258]. As a result, Weber and Aberle performed their measurements on a system with
R;=1x10'? Q, such that even probe resistances of 1 MQ had minimal impact on the
Suns-Voc outside of the initial distortion around the peak of the flash pulse [257].
However, Sinton and Cuevas quoted an input impedance of ~ 1 MQ in their original
paper describing the Suns-Voc measurement [241]. Since the distorted curves observed
in these experiments were measured on a Sinton tool, the input impedance of the tool
had to be verified. To do this, a variable resistor was placed in series between the
measurement probe and the input to the amplifier. A control cell with no voids was
measured with increasing probe resistance between the cell and A/D card, successfully
replicating the observed distortion in the Suns-Voc curve with increasing resistance. The

replicated series of Suns-Voc curves are presented in Figure 4.18.
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Figure 4.18: Comparison of Suns-Voc measurements on a Cu-plated cell with an external

variable resistor connected in series between the probe and the input to the amplifier.

The point at which the 1-Sun Voc, determined from the Suns-Voc curve without any
external series resistance effects was halved, represented the input impedance of the
amplifier for the tool. From these simulated measurements, the input impedance of the
amplifier for the Suns-Voc tool employed in this work was concluded to be
approximately 1 MQ. Using these simulated measurements, the distortion observed in

Figure 4.9 corresponded to a probe resistance of ~140 kQ, potentially providing a
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useful metric for determining the extent of void formation between plated Cu and Ag
capping metals in future studies.

The distortion of the curve around the peak of the flash pulse becomes more rounded
as the probe resistance increases due to the increasing RC low-pass effect, and the
combination of high probe resistance and low input impedance of the A/D card causes
the voltage to shift to a lower range. Fitting of the Suns-Voc curves was also attempted
according to Equation 4.3, assuming an amplifier input impedance of 1 MQ (as
determined from the simulated measurements) and a total capacitance of 200 pF (100
pF for a 1 m long RG-58 coaxial cable and 100 pF for a typical A/D card from National
Instruments used in Sinton measurement systems [259]). However, the equivalent
circuit model alone was insufficient to describe the rounding of the high intensity region
of the curve observed due to high probe resistance. Since the calculation of illumination
intensity during a flash measurement is dependent on measuring the rate of change in
carrier density (which itself relies on measuring the voltage change of the device with
time), any distortion in the voltage at the input of the amplifier would not only impact
Voc but also the calculation of illumination intensity. Thus, the equivalent circuit model
presented in this work should be coupled with a correction of the illumination intensity

data based on the distorted voltage measurements.

This distortion of Suns-Voc data suggests that when assessing the stability of plated
contacts for solar cells using the pFF technique reported in [50], it is important to
consider the effect of contact integrity in the Suns-Voc measurement. Figure 4.19
summarises pFF results obtained before and after ‘scratching’ the busbar. The spread in
pFF is significantly greater in the data obtained before ‘scratching’ (blue results in
Figure 4.19), with both underestimations and overestimations of pFF measured. The
value of pFF determined by Suns-Voc differed by 5 - 10 % compared to that measured
after ‘scratching’ the busbar, with the three different Suns-Voc measurements along the
busbar of the same cell also varying significantly which indicated non-uniform void
formation along the busbar during thermal exposure. After ‘scratching’, all three
measurements produced similar outputs for diode parameters and pFF, indicating
improved contact uniformity. The spread of the data was greatly reduced after

‘scratching’, with the remaining spread a result of variations between individual cells in
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each batch, which was related to potential Cu penetration through the Ni barrier layer,
as discussed in more detail in Section 4.3.
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Figure 4.19: Summary of pFF estimates obtained by Suns-Voc measurements on plated
solar cells with different processing sequences before and after ‘scratching’ the busbar to

address the impact of void formation during thermal treatment.

As mentioned previously in Section 4.1.2, current studies of long-term plating
stability based on the method developed by Bartsch et al. set a threshold for cell
degradation at a 5% relative loss in pFF from its original value [50, 51, 54]. By
performing the same measurements at different temperatures, a group of time-
temperatures combinations can be plotted into an Arrhenius relationship which can then
be extrapolated to estimate the time required to reach the same degradation state under
field conditions. Since the diffusion behaviour described by this Arrhenius relationship
is exponential, small uncertainties can result in significant differences in estimated
lifetime. Thus, a 5-10% variation in pFF could lead to an incorrect determination of
threshold degradation time for a certain temperature, which will shift the Arrhenius plot,
leading to an incorrect estimation of cell lifetime. The behaviour presented in this
chapter may be an extreme case, but it highlights the importance of checking contact
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integrity when using pFF values obtained from Suns-Voc measurements to establish
long-term stability of Cu-plated cells.

The accuracy of Suns-Voc measurements can be improved in several ways, such as
ensuring sufficient input impedance of the Suns-Voc tool, reducing the input
capacitance of the A/D card or by increasing the probing contact pressure to collapse the
voids before a measurement. However, the distortion observed was instrumental in
identifying and characterising Cu diffusion, and by employing a variable input
impedance, it may be possible to further characterise Cu diffusion through Ag capping
layers by relating it to the probing resistance, R,,. Alternatively, the effects of probing
resistance induced by Cu diffusion and void formation can be bypassed entirely in the
future by replacing Suns-Voc with Suns-PL [260-262], allowing a more focussed

analysis of Cu diffusion through the Ni barrier into the underlying Si.

Another very important question raised by these results is whether Cu diffuses
through Ag capping layers in encapsulated modules operating in the field, and if this
occurs then what is the impact on module electrical performance. If this was to occur,
then Cu would be expected to come into contact with encapsulant and evidence of Cu
reaction with encapsulant should be apparent. However, no such behaviour has been
reported to date. This could be due to the lack of an efficient sink reaction in
encapsulated modules to drive Cu diffusion. The temperature of 200 °C used in this
study was also significantly higher than expected field temperatures, and so some cells
were exposed to a typical field-operating temperature of 80 °C for 500 hrs. The FIB
cross-sections of cells after the heat treatment are shown in Figure 4.20.

90



Copper Diffusion through Plated Metals in Solar Cell Contacts
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Figure 4.20: Cross-sectional FIB images of a plated contact (sintered) with: (a) an
immersion Ag capping layer; and (b) a LIP Ag capping layer, after 500 hrs at 80 °C.

At this annealing temperature, there was no evidence of voids at the Cu/Ag interface
or a diffused Cu layer above the Ag in the contacts of cells capped with immersion Ag
and LIP Ag, suggesting that Cu diffusion may only be driven at a higher temperature.
This also means that the impact of the interdiffusion reported in this section may be
limited to higher temperature thermal treatments used, for example, to predict the
lifetime of plated modules in the field. Whilst no Cu diffusion was observed, the FIB
images did reveal both non-uniform Ni layer formation and an unidentified layer

underneath the plated Ni, which will be examined in more detail in the next section.

4.3 Evidence of Cu diffusion through plated Ni barriers

4.3.1 Introduction

Copper diffusion into Si through the plated Ni was also examined using FIB and
TEM imaging techniques after thermal treatments of cells. This investigation was
motivated by an earlier report by Flynn and Lennon which identified the presence of Cu
precipitates in the Si region under the Ni/Cu plated contacts [233]. Correlations between
observed Cu diffusion through Ni barrier layers and associated degradation in cell
performance can provide useful information in assessing the electrical impact of Cu
penetration into Si. This section presents results from the same thermally-processed

cells used for the experiments reported in Section 4.2, with the focus now on the Ni/Si
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interface and associated electrical degradation of Cu-plated cells in the absence of
external resistance effects.

4.3.2 Experimental

The cells discussed in this section were the same batch of cells processed according
to the experimental details provided in Section 4.2.2. Electrical performance (I-V and
Suns-Voc) was measured before and after extended thermal exposure at 200 °C for 500
hrs, with external resistance effects eliminated from Suns-Voc measurements by applied
pressure to the contact probe before measurement. Characterisation of the Ni/Si
interface was performed by FIB milling (FEI XP200), followed by high-resolution
imaging of the contact cross-section using the same tool. TEM specimens were then
prepared using the FEI XP200 and imaging was performed with a Philips CM200 TEM
system. EDS measurements were obtained with a Bruker SDD detector.

4.3.3 Results and discussion

Figure 4.21 graphs the Voc, pFF and n of Ni/Cu/Ag plated solar cells before and
after thermal exposure at 200 °C for 500 hours. Since the plating sequence was identical
for all cells regardless of the Ag capping layer, they have been combined in this case to
focus more on the impact of sintering and cooling rate (see Appendix C for detailed cell
results). Unlike the examination of Cu diffusion through the Ag capping layer,
determining trends for Cu diffusion through the Ni barrier were significantly more
complicated. Most cells performed reasonably well after 500 hours of thermal exposure,
with 75% of cells experiencing < 5% loss in efficiency. However, some cells degraded
by ~ 20% relative efficiency after thermal exposure, suggesting significant penetration
of Cu into the underlying material. Contrary to the behaviour observed with the Ag
capping layers, the most degradation was observed in cells with non-sintered Ni barrier
layers. Also contrary to the discussion in Section 4.1.2, quenching did not result in any

enhanced degradation of plated cells due to Cu diffusion through the Ni layer.
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Figure 4.21: Performance summary of plated solar cells with both LIP and immersion Ag

capping layers before and after extended thermal exposure at 200 °C for 500 hrs.

Something that is clear from the FIB images presented in the previous section is the
polycrystalline nature of the LIP Ni barrier layer plated for these solar cells. Upon
closer examination of the Ni layer itself (see Figure 4.22), the evolution in
microstructure after sintering the plated contacts is visible. After sintering, the high
density of small grains is annealed into an arrangement of larger grains. The purpose of
sintering the contacts is primarily to grow a NiSi layer that improves adhesion of the
plated metal to Si, although sintering to increase grain size has also been demonstrated
to remove tensile stress within the plated metal as a result of self-annealing behaviour
within the plated metal [255, 263]. However, the increased grain size should have also
resulted in more efficient diffusion paths according to the trend in diffusion barrier
effectiveness discussed earlier in this chapter [205], leading to more pronounced Cu-

related degradation in the sintered cells.
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Figure 4.22: Cross-sectional FIB images of a plated contact with a LIP Ag capping layer:

(a) before sintering; and (b) after sintering, showing evolution in microstructure.

High resolution TEM and EDS line scans presented in Figure 4.23 revealed the
presence of large areas of Cu in the Si underneath the Ni barrier layer in both LIP Ag
capped and immersion Ag capped cells that had degraded during thermal stability
testing (corresponding relative pFF losses of 3% and 1%, respectively). These large
regions of diffused Cu extended as far as 0.4 um from the Ni/Si interface, and most
likely consisted of a cluster of Cu precipitates that had formed at the surface. Although
difficult to conclude from the results obtained in these experiments, it was noticed that
these Cu clusters appeared deeper in the Si when the Ni barrier was thinner. As seen in
the EDS line scan results, the Ni layer in Figure 4.23(a) is approximately 0.8 um thick,
and the Cu is located at the Ni/Si interface. For the LIP Ag capped cell in Figure
4.23(b), the Ni layer is roughly half that (~ 0.4 um) with the Cu peak within the Si
region appearing further from the Si surface. Whilst both clusters were detected in the
near surface region, it is possible that the thicker Ni layer provided a more effective
diffusion barrier, resulting in a shallower penetration of Cu into the Si substrate.
Furthermore, the observed Cu penetration depth between these samples corresponded

with their relative pFF losses (more degradation with deeper penetration depth). This
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would concur with previous studies highlighting that thicker Ni layers improve the

long-term stability of plated solar cells with Ni as a barrier layer [47, 50, 51].
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Figure 4.23: High-resolution TEM Image (left) an EDS line scan (right) across the
Si/Ni/Cu interface with (a) immersion Ag capping (sintered) and (b) LIP Ag capping
(sintered), after 500 hrs at 200 °C.

In Figure 4.24, comparative EDS maps of Cu diffusion through a region with a
uniform Ni layer and a region with large gaps in the Ni barrier further highlight the
impact of uniformity in the Ni layer on the extent of Cu penetration into the Si substrate.
In the presence of a uniform Ni layer, Cu that had penetrated through the barrier
appeared to be localised to a surface region near the Ni/Si interface. Similar
observations have recently been presented in a study by Dang et al., who also observed
surface Cu build-up at the Ni/Si interface after thermal stability testing at 235 °C [264].
However, in the absence of a Ni layer, Cu was detected deeper in the Si and voids
between the Cu and Si are evident. This suggests that Cu diffusion behaviour may differ
significantly depending on whether it occurs in the presence or absence of a diffusion
barrier. In the presence of a barrier layer, grain boundary diffusion is the primary
mechanism behind Cu penetration into Si, with defects at the surface possibly providing
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a sink reaction for continued Cu penetration and the subsequent build-up of Cu
precipitates at the surface. Without a barrier layer, more Cu can reach the Si where it
can penetrate further into the Si to find other sink reactions such as oxygen precipitates
in the Si or crystal defects, such as dislocations or stacking faults, in the lattice that

initiate the nucleation of Cu precipitates [28, 136].

Figure 4.24: EDS maps showing Cu penetration through (a) a uniform Ni barrier layer

(sintered), and (b) a non-uniform Ni barrier layer (sintered) after 500 hrs at 200 °C.

It is also important to consider the influence of non-uniform laser ablation and
potential laser-induced defects at the surface (e.g., produced during laser ablation of a
dielectric ARC) providing an effective sink reaction for Cu to diffuse through Ni and
precipitate at the surface [265, 266]. Non-uniform ablation of the front dielectric would
impact the ability to form a uniform Ni layer during plating (though remaining dielectric
could not be confirmed in this work), and whilst SiNx has been demonstrated as an
effective barrier to Cu diffusion in previous studies [51], partial ablation of the SiNy
may have prevented the plating of Ni which resulted in a weakened barrier, presenting

an effective diffusion path for Cu to enter the Si substrate.

It appears the dominating factor impacting Cu diffusion through the Ni layer is not
microstructure as in the case of the Ag capping metal, but rather the uniformity of the
Ni barrier between the Cu and the Si. In the presence of a uniform Ni layer, it is
possible that the crystallinity of the barrier is more important. As mentioned earlier,
thicker Ni layers improve the long-term stability of plated solar cells with Ni as a barrier
layer [47, 50, 51], thus large non-uniformities in the plated Ni layer thickness
potentially due to non-uniformities in the laser ablation of the contact openings can

result in several entry points for Cu to pass through the barrier metal entirely and
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penetrate deeper into the Si substrate where it can degrade plated cell efficiency. The
influence of laser ablation conditions on Cu penetration into Si through plated Ni barrier

layers will be discussed in more detail in Chapter 6.

4.4 Chapter Summary

In this chapter, observations of Cu diffusion through plated Ag capping layers and Ni
diffusion barrier layers in contact structures for Si solar cells after thermal treatment
were presented. Motivated by an approach of combining electrical and material
characterisation to determine diffusion barrier effectiveness, the behaviour of Cu
diffusion through polycrystalline plated metals was assessed under different processing
conditions following extended thermal exposure utilised in long-term stability testing of

plated solar cells.

Suns-Voc curves recorded after 500 hours at 200 °C demonstrated a reversal in the
Voc at high illumination intensities. Examination of the thermally-aged contacts using a
combination of FIB cross-sectional imaging and EDS/TEM imaging revealed the
presence of a 0.5-1.5 pum thick layer of diffused Cu on top of the Ag capping layer and
significant void formation between the Cu and Ag layers. The presence of these voids
was identified as the cause of the Voc reversal at high illumination intensities, with an
increased external resistance between the measurement probe of the tool and the solar
cell resulting in the voltage reversal artefact due to an RC low-pass effect within the
system. Low input impedance to the A/D card also caused the curve to shift to lower
voltages, which resulted in a significant mismatch between the 1-Sun Voc determined

with Suns-Voc compared with that measured using calibrated 1-V measurements.

The extent of void formation was demonstrated to be dependent on the
microstructure of the Ag capping layer, with thicker LIP Ag layers experiencing more
severe void formation than cells capped with an immersion Ag layer. This was
presumably because the more amorphous nature of the immersion Ag layer provided
less grain boundary pathways for Cu diffusion. Sintering the cells after plating resulted
in greater Voc distortion, and this was theorised to be due to the creation of more

efficient grain boundary diffusion paths by grain growth that occurs during sintering.
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Collapsing the voids by applying high pressure to the contacts through ‘scratching’
was demonstrated to remove the void artefact from subsequent Suns-Voc measurements.
However, it was demonstrated that the distortion caused by degraded metal stack
integrity could result in errors of 5-10% in extracted pFF values. This highlights the
sensitivity of this technique to contact integrity and the potential for significant errors in
the predicted lifetime of Cu-plated solar cells from an Arrhenius analysis.

Examination of the Ni/Si interface of the heat-treated cells also revealed Cu
penetration through the plated Ni barrier layer, although any relationship to Ni
microstructure was more difficult to determine in this case. The primary factor
impacting Cu ingress through the Ni barrier layer was identified to most likely be
uniformity of the Ni layer. Thinner regions of Ni were accompanied by deeper
penetration of Cu into the Si surface as identified in TEM/EDS line scans and mapping.
In some samples, large gaps in the Ni layer resulted in Cu directly in contact with Si,
with Cu detected further into the Si than if a uniform Ni layer was present. The lack of
uniformity in Ni barrier layers across the plated cells examined in this study made it
difficult to conclude whether sintering of Ni improved or weakened its qualities as a

barrier to Cu diffusion.

In summary, the experimental work presented in this chapter revealed the propensity
of Cu to diffuse through polycrystalline plated metal layers. The diffusion is mediated
by grain boundaries in the polycrystalline metal and may only occur if a ‘sink’ reaction
exists for the Cu. This new understanding means that it is necessary to consider fully the
impact of using Cu as part of the metal contact for Si solar cells, and if Cu is used, then
a more complete understanding of the properties required for barrier layers is required.
The use of plated Ni as an effective diffusion barrier for Cu has been assumed since the
1970’s when Motorola developed the electroless Ni/Cu system used by BP Solar in the
production of their Cu-plated Saturn modules. Although these modules appear to be
performing well in the field, the results presented in this chapter highlight the
importance of validating the effectiveness of diffusion barriers from a physical, or
metallurgical, perspective as well from an electrical perspective, as the next generation
of higher efficiency Si solar cells may be more sensitive to metal impurities and Cu
ingress (through plated Ni barrier layers) may indeed start to impact module

performance in the field.
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Chapter 5 Elemental Analysis of Plated Ni
Barrier Performance

The importance of Ni barrier uniformity in determining its effectiveness at mitigating
Cu ingress into the Si substrate was reported in Chapter 4. However, the techniques
employed in the previous chapter required long sample preparation/analysis times and
only provided qualitative information about the relationship between Ni barrier
uniformity, Cu diffusion into the Si wafer and associated degradation of Cu-plated solar
cell performance during thermal stability testing. In this chapter, the application of laser
ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) as a more
quantitative technique for the analysis of Cu penetration from plated contacts into Si is
described. The applicability of LA-ICP-MS was assessed based on several factors — the
minimisation of surface metal interference for accurate analysis of Si substrate
contamination, the characteristics of laser ablation efficiency during line-scanning
measurements, and the ability of the technique to correlate degradation of cell I-V

response with an increase in metal content in the Si substrate.

5.1 Elemental analysis techniques for bulk impurities in silicon

For the analysis of plated metal uniformity and penetration of metals into the Si
substrate of solar cells, a microanalytical technique with high spatial/depth resolution
capable of sampling small areas comparative to the contact dimensions is required.
Several analytical techniques have been applied in previous studies to analyse impurity
concentrations in Si materials, although these have predominantly focused on the
analysis of either surface impurities on Si wafers or near-surface impurities incorporated
into Si during ingot formation or subsequent processing. Secondary ion mass
spectrometry (SIMS) is one of the most commonly used elemental analytical techniques
in the semiconductor industry for both surface and depth profiling of a range of
impurities introduced into the Si material during different stages of both wafer and cell
production [267, 268]. A schematic of a SIMS measurement setup is presented in Figure

5.1. In a SIMS measurement, the sample material is sputtered with a primary ion source
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(such as oxygen, O2 or caesium, Cs), ejecting secondary ions that are subsequently
detected and analysed to determine depth-resolved impurity concentration profiles (nm
range resolution) with low limits of detection (< ppb) and high lateral resolution (< 10
pum) [268, 269]. As a result, SIMS has been used to characterise near-surface dopant
profiles [270-272], quantify surface metal contamination [273, 274] and also measure
bulk impurity concentrations in low-cost Si substrates [275]. It has also been previously
employed in Cu diffusion barrier analysis by Stavrev et al. to determine the
effectiveness of rf-magnetron sputtered Ta films with different grain structures,
demonstrating the improvement in diffusion barrier quality with amorphous structure as
discussed in the previous chapter [219]. However, simultaneous sampling and ionisation
leads to SIMS suffering severe matrix effects (related to the interaction between a
sputter source and individual sample matrix components), high molecular ion formation
as well as relative sensitivity factors (RSF) of several orders of magnitude between
different elements due to variations in the sputtering yield of different materials [268,
276]. Segregation of Cu under ion bombardment during SIMS measurements [277] has
also been detected, and this further limits the applicability of SIMS for bulk depth

profiling of Cu contamination from plated metals on a Si surface.
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Figure 5.1: Schematic of SIMS measurement setup (adapted from [278]).

Glow discharge mass spectrometry (GD-MS) or glow discharge optical emission
spectrometry (GD-OES) [279] improves upon SIMS in several ways. By separating the
sputtering from ionisation, interference due to matrix effects is reduced resulting in
relatively uniform RSFs for all elements [280]. As illustrated in the measurement
schematic shown in Figure 5.2, the sputtering ion source is produced by passing an
electrical current through a gas, such as Argon (Ar). This generates a partially-ionised

gas (glow discharge) which is sustained in a reduced pressure environment [281].
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lonised Ar particles sputter the sample (which acts as the cathode in the glow discharge
setup), and then the sputtered material is ionised in the glow discharge before being
carried to the mass spectrometer for elemental analysis [281]. The reduced vacuum
requirements of GD-MS compared to SIMS allows for faster depth profiling (a few pum
over several minutes) with comparative depth resolution to SIMS (in the nm range)
[282]. Detection limits in the sub-ppb range are achievable with GD-MS/GD-OES,
which makes it highly suited to the analysis of ultra-trace impurities in Si [283]. As a
result, it has been applied to the characterisation of impurities in several photovoltaic
applications [279, 284-288], including the aforementioned study by Stavrev et al. on Ta
diffusion barrier analysis [219]. However, the large sputter area (typically 4-8 mm) of
GD-based spectrometry techniques results in poor lateral resolution which is not suited
to the analysis of Cu penetration through plated contacts for solar cells (with contact
widths of <1 mm) [280].
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Figure 5.2: Simplified schematic of GD-MS measurement setup (adapted from [283]).

Inductively-coupled plasma mass spectrometry (ICP-MS) is a frequently used
inorganic mass spectrometry technique for the characterisation of high purity materials,
and solutions due to its simplicity and high sensitivity (ppt to ppb range limit of
detection) [268, 289]. As a result, ICP-MS has been used in several previous studies for
the analysis of trace impurities both on the Si surface and in the bulk material [290-
292]. However, solution-based ICP-MS of Si requires dissolution of the subject material
in a mix of HF/HNO3 which not only increases risk of contamination [293] but also
eliminates the possibility of spatially-resolved analysis of the contacted regions of solar

cells.

By coupling ICP-MS with laser sampling methods (as illustrated in Figure 5.3), LA-
ICP-MS combines the advantages of SIMS and GD-MS to perform spatially-resolved
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analysis (spot size > ~ 10 um) of ultra-trace impurities in the sub-ppm range, whilst
significantly reducing sample preparation requirements [294]. Similar to GD-MS/GD-
OES, atomisation and ionisation are separated, minimising the severe matrix effects of
SIMS. Depth resolution is primarily determined by the laser conditions (wavelength,
pulse length, pulse energy density), with depth resolution in the nm range possible
[280]. As a result, LA-ICP-MS has been used in the analysis of the spatial distributions
of several metallic impurities in both solar grade and metallurgical-grade Si substrates
[295-298]. Thus, LA-ICP-MS demonstrates significant potential as a powerful
analytical tool for characterising Cu penetration from plated contacts on solar cells
during extended thermal testing. A comparison of different capabilities of available

analytical techniques for the quantification of trace impurities in Si is presented in Table

5.1.
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Figure 5.3: Schematic of LA-ICP-MS measurement setup (adapted from [268]).

There are several factors influencing the quantitative capabilities of LA-ICP-MS for
the analysis of substrate contamination from plated metal contacts on Si solar cells
during extended thermal stability testing, such as laser material interactions, transport
efficiency to the ICP and the availability of standard reference materials (SRM) for
accurate quantification of metal concentrations in Si [280, 299, 300]. These will be

discussed in more detail in the following sections of this chapter.
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5.2 Minimising surface interference during LA-ICP-MS

5.2.1 Introduction

For the experiments reported in this chapter, the region of interest for LA-ICP-MS
analysis was the exposed Si directly underneath the plated contacts, as this represents
the entry point for any diffused Cu into the substrate. Consequently, an appropriate
method for removing the plated metal from the laser-ablated Si surface had to be
developed in order to eliminate surface contamination from interfering with LA-ICP-
MS measurements of the underlying Si. In previous applications of this analytical
technique, a pre-ablation step was used to remove a surface layer prior to measurement
[295]. However, the high likelihood of metal contamination within 1-2 um of the
surface necessitated the development of an alternative method of sample surface
preparation. This section reports on experimental results aimed at optimising a solution-
based etching and cleaning process for the removal of surface contaminants from the

laser-ablated Si openings for LA-ICP-MS measurements.
5.2.2 Experimental

Different surface preparation procedures were performed on small-area Ni/Cu/Ag
plated cells (25 mm x 25 mm cell area) fabricated on 156 mm boron-doped 1-3 Q.cm
Cz-Si wafers with random-pyramid texturing, a phosphorus-doped emitter (sheet
resistivity ~ 110-120 Q/o, surface concentration of ~ 2x10® cm™ and junction depth of
~ 0.4 um), a 75 nm SiNx ARC (deposited on the front surface using direct PECVD) and
a full-area Al rear contact. Front contact grids were patterned using 266 nm ps laser
ablation with a Lumera Super Rapid Nd:YAG laser with a BBO crystal for the 4th
harmonic and plated using bias-assisted LIP according to the processing sequence
detailed in Section 4.2.2.1 to form a contact stack of Ni (~1 pm) and Cu (8-10 pm),
with a thin Ag capping layer (0.3 um) formed using immersion Ag plating. Samples
were not sintered before surface preparation to avoid interference from potential NiSi
formation in LA-ICP-MS measurements to assess cleanliness of plated surface after
contact removal. After contact formation, small-area cells were laser-cleaved for edge

isolation and surface preparation.

Small-area cells were separated into four different batches examining different

surface cleaning approaches. Two etching solutions were examined in this work: (i) a
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1:1 dilution of 70% (w/v) nitric acid (HNO3); and (ii) a solution of 5% hydrofluoric acid
(HF) and 10% hydrochloric acid (HCI). Nitric acid effectively dissolves metals,
including Ni, Cu and Ag [301, 302], although the etch rate is significantly dependent on
the temperature of the dilution which decreases over time. Thus, the etching efficiency
of HNOz was assessed both with and without temperature control (RT = room
temperature). For the temperature-controlled HNO3 solutions, the temperature was
maintained at 40 °C with the use of a hot plate. The HF/HCI solution was considered as
a method of residual metal removal rather than bulk metal removal due to the etching of
SiNx by HF which was undesirable because it makes alignment to laser-ablated regions
difficult during LA-ICP-MS measurements. For each method, samples were immersed
in the etching solution for 5 min (10 min total etching for the two-step etching
methods), with manual-agitation being used to ensure that the etchant was replenished
at the plated surface. For all surface preparation methods, samples were rinsed in DI
water for 6 min following plated contact removal. A summary of the different surface

preparation methods examined in these experiments is detailed in Figure 5.4.

HNO, (RT) HNO; (RT) HNO;, (40 °C) HNO;, (40 °C)
5 mins 5 mins 5 mins 5 mins
HF + HCI HF + HCI
5 mins 5 mins
DI rinse DI rinse DI rinse Dl rinse
Method 1 Method 2 Method 3 Method 4

Figure 5.4: Different surface preparation processes for LA-ICP-MS measurements

investigated in these experiments.

The quality of surface metal removal was assessed using LA-ICP-MS measurements
of the laser-ablated contact regions. Laser ablation ICP-MS measurements were
performed using a PerkinElmer Nexion ICP-MS integrated with an ESI-NewWave
NWR213 Laser Ablation accessory consisting of a pulsed 213 nm laser. Two separate
line scans (4 mm in length) were performed along the busbar region of each sample

solar cell, and the transport line was flushed for 30 s between consecutive line scans. A
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summary of the measurement conditions used in this study and the experiments
discussed in Section 5.4 (unless stated otherwise) are presented in Table 5.2. The
isotopes examined for analysis were selected based on their abundance, with the impact
of interferences (in particular, °Ar®®Na* and ®3Cu) assumed to be negligible. Since no
Si reference materials were available, silica glass NIST614 (concentration range 0.5 —
50 ppm) was selected as the non-matrix matching external calibration standard for
quantitative analysis, whilst 2°Si was used as the internal standard element [303].
Individual cells were placed on a glass slide with tape to minimise shifting of the
sample during analysis. All ICP-MS data processing, including separation of individual
scans, conversion of counts per second (CPS) to concentration, and integration with the

laser time log, was performed using the lolite software provided in Igor Pro [304].

Table 5.2: Operating parameters for LA-ICP-MS measurements on Si solar cells after
different sample surface preparation sequences.

Laser Conditions

Wavelength (nm) 213
Scan mode Line scan
Laser Fluence (J/cm?) 12+2
Scan Speed (Um/s) 5
Scan length - NIST614 (um) 250
Scan length — sample (um) 4000
Spot Size (um) 20
Repetition Rate (Hz) 20
ICP-MS Conditions
He Gas Flow (L min?) 0.73
Nebulizer (Ar) Gas Flow (L min') 0.62
RF Power (W) 1150
Dwell time (ms) 125

Sample Conditions

Elements measured 29Si, Ni, Cu, 1Y7Ag

The effectiveness of different surface preparation methods was also assessed with
EDS mapping of the laser-patterned contact regions using a Hitachi S3400 Scanning

Electron Microscopy (SEM) Instrument.

106



Elemental Analysis of Plated Ni Barrier Performance

5.2.3 Results and discussion

Figure 5.5(a) shows an example EDS map taken on the busbar/finger region of a
sample cell after 5 min immersion in HNO3z at room temperature (Method 1). It is clear
from the EDS map that a significant amount of residual surface Ni remains after
etching, and this is reflected in the associated LA-ICP-MS measurement results as
presented in Table 5.3. Although the corresponding LA-ICP-MS Cu signal is low (see
Table 5.3), indicating the effectiveness of room temperature HNOs in stripping the bulk
of the plated contact, the EDS map of the Cu signal in the inset in Figure 5.5(a) suggests

that some residual Cu also remains on the surface after cleaning.

Ni Ni

Map data 80 pym
MAG: 320x HV: 20kV_WD: 13mm MAG: 320x HV: 20kV_WD: 13mm

Figure 5.5: EDS maps of Ni and Si signal from the busbar region of a plated solar cell,
(a) after room temperature HNO; etch; and (b) after HNO; etch at 40 °C followed by
HF/HCI clean. The insets show the Cu signal from the same region.

Table 5.3: Comparison of measured plated metal concentrations with LA-ICP-MS
averaged along a 4 mm line scan for different surface preparation methods, including a

control measurement with full plated contacts.

Surface condition Ni (ppm) Cu (ppm) Ag (ppm)
Cell with contacts 17098 + 16110 28948 + 26222 347 +433
HNO; only (RT) 7725+ 1700 0.54 £0.02 2.26 £0.09
HNO; (RT) + HF/HCI 23497 24124 3.32£0.01
HNO; only (40 °C) 20.0+26 0.52 +0.08 2.52 +0.03
HNO3 (40 °C) + HF/HCI 76 +48 0.85+0.09 4.28 +0.33
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When the HNOs etching temperature was controlled at 40 °C, the bulk of the plated
contact as well as surface residual metal was effectively removed. The LA-ICP-MS line
scans in Figure 5.6 highlight the significant reduction in surface Ni that was achieved as
a result of maintaining the temperature of the HNO3 solution at 40 °C. Whilst a few
spikes of Ni are still evident in the LA-ICP-MS scans from cells where the contact
regions were etched in HNOs at 40 °C, the average Ni concentration as presented in
Table 5.3 was signficantly reduced to a negligible concentration. The spikes of Ni
remaining after HNOz etching could be the result of metal oxide formation at the

surface [302].

20000 r T T T T T T
——HNO, (RT)

—— HNO, (40 °C)

15000 |

10000

5000

0 PR L i 1 L

0 1000 2000 3000 4000
Scan position (um)

Ni concentration (ppm)

Figure 5.6: LA-ICP-MS line scan profiles measured on a sample after surface
preparation with HNO3; with temperature control (blue curve) and without temperature

control (red curve).

The addition of a second metal cleaning step involving HF/HCI was able to more
effectively remove all metals from the sample surface when performed after a HNOs
etch at room temperature, including metal oxides that may have formed during the
initial HNO3 etch. The EDS maps recorded on samples undergoing the full cleaning
procedure [see Figure 5.5(b)] show no significant Ni or Cu signal after the two-step
cleaning procedure, and the corresponding LA-ICP-MS results in Table 5.3 confirmed
that the procedure was effective in minimising the concentration of metals at the
surface. However, the average metal concentrations increased slightly with the two-step

cleaning procedure in the case of a temperature-controlled HNOs etch. This may have
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been due to insufficient rinsing of the sample surface during the DI rinse step, or
potentially replating of the metal during etching in HF [305], however the metal
concentrations are still significantly below that observed in metal-contaminated samples
as will be discussed further in Section 5.4. Hence, despite the aforementioned risk of
contamination when using solution-based sample preparation methods [293], a suitable
level of surface preparation for LA-ICP-MS was obtained using solution-based methods

involving acidic etchants.

5.3 Ablation characteristics for Si substrate analysis

5.3.1 Introduction

As mentioned in Section 5.1, the quantitative capability of LA-ICP-MS is reliant on
efficient transport of ablated material to the ICP-MS instrument. This is subsequently
dependent on the characteristics of laser ablation such as spot size and energy density
which determines the ablation depth and ejected mass which is picked up by the carrier
gas (Ar/He mix) to be transported to the ICP-MS for analysis. Thus, the ablation of Si
needs to be optimised before accurate quantitative data can be extracted from LA-ICP-
MS measurements. In this section, the ablation of Si using nanosecond laser ablation, as
employed in the LA-ICP-MS measurements, is characterised and discussed in terms of
the relationship between laser parameters (spot size, laser fluence and scan speed) and

ablation crater morphology and material transport efficiency.
5.3.2 Experimental

Ablation craters were characterised on uncoated planar Si wafers (40 x 40 mm?) to
eliminate the effect of surface texturing on the Si ablation. It was assumed in these
experiments that differences in the absorption and reflection properties between planar
and textured Si was minimal. A series of different laser spot sizes, scan speeds and laser
fluence settings were used as detailed in Figure 5.7. Laser spot size was determined
with the aid of a variable aperture within the tool. Line scans 2.5 mm in length were
performed using different combinations of scan speed and laser fluence. The laser
fluence was maintained constant at 12 + 2 J/cm? when varying scan speed, whilst a 5
pum/s scan speed was used when varying laser fluence. Since the concentration profiles

were not critical for this study, they were not examined. Ablation crater dimensions
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(including width and depth) and transport efficiency were assessed using a combination
of optical microscope imaging and SEM imaging using a Hitachi S3400.

Scan speed Spot size Laser Fluence
— 5 pum/s — 10 um — 6 J/cm?
— 10 um/s — 20 um — 8J/cm?
— 15 um/s — 50 um — 10 J/cm?
— 20 um/s — 80 um — 12 J/cm?
— 25 um/s — 110 um

Figure 5.7: Breakdown of laser parameter settings examined for ablation characterisation
of Si during ns LA-ICP-MS sampling.

5.3.3 Results and discussion

Crater depth was observed to increase linearly with laser fluence for all spot sizes
examined in this experiment (10, 20, 50, 80 and 110 um) as seen in Figure 5.8(a). This
was also mostly the case when varying scan speed whilst maintaining constant laser
fluence as can be seen in Figure 5.8(b). However, the crater depth increased by a factor
of two for spot sizes greater than 10 um when the scan speed was reduced to 5 pm/s.
This dramatic increase in ablated Si at slower scan speeds is related to the interaction
between Si and high power density laser pulses during nanosecond (ns) laser ablation.
The ablation of Si can occur via non-thermal mechanisms such as direct breaking of the
atomic lattice, or thermally through heating, melting and vaporisation, which all depend
on the properties of the laser [306]. During ns laser ablation, the occurrence of a molten
region is frequently observed and this region can propagate deep into the material. In
the case of high intensity ns laser pulses, the material can be heated above the boiling
point, resulting in the generation of a metastable liquid phase that leads to an eruption of
liquid and vaporised material during ablation, a process which has been described
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previously [307]. This explosive change in crater depth during ns laser ablation of Si
has also been observed by Yoo et al. [308], who similarly demonstrated a significant
change in crater volume and depth when the laser intensity was increased above
~ 2.2x10'° W/cm? (termed ‘explosive boiling’). Despite slight differences in the
ablation laser used in this study compared to previous studies (213 nm compared to 266
nm), this process of explosive boiling is most likely the cause of the observed increase
in crater depth at slower scan speeds. The apparent reduction in crater depth for spot
sizes above 80 um at 5 um/s scan speed is most likely due to a reduction in the energy
density across the wider crater, resulting in less explosive boiling and thus a shallower

crater depth compared to smaller spot sizes.
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Figure 5.8: Crater depth as a function of: (a) laser fluence; and (b) scan speed for

different laser spot sizes.

Another key observation made during the optimisation of the laser ablation process
was the variation in transport efficiency with different laser parameters. Figure 5.9
shows an optical microscope image recorded for a Si sample which had several line
scans performed using different spot sizes and scan speeds at a constant laser fluence of
12 + 2 J/em?. A significant amount of ablated material can be seen to accumulate on the
surface after LA-ICP-MS measurements, with the total ablated mass remaining on the
surface increasing significantly with increasing spot size. The transport of material from
the ablated cell to the ICP-MS detector (known as transport efficiency) depends largely
on the ablated particle size distribution [309]. The particle size distribution is
subsequently dependent on both the laser ablation process as well as the transport gas
mixture. It has been demonstrated previously that the use of Helium (He) as a transport

gas results in a larger distribution of smaller particles compared to when Argon (Ar) is
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used, resulting in improved sensitivity of the ICP-MS due to reduced elemental
fractionation effects, which refers to the thermal redistribution of elements during laser
ablation [310]. It was suggested that the reduced laser-induced plasma along with the
higher heat conductivity of a He environment in the ablation cell helps prevent the
condensation and agglomeration of ablated particles which cannot be effectively
transported to the ICP-MS instrument. This agglomeration of ablated material, coupled
with the explosive boiling effects discussed earlier, most likely explains the significant
build-up of re-solidified Si on the wafer surface with increasing spot size. This can be
improved with the use of picosecond (ps) and femtosecond (fs) lasers, which can reduce

thermal effects and improve transport efficiency of ablated material [311-313].

Figure 5.9: Optical microscope image (5x magnification), showing increasing
agglomerated Si build-up on wafer surface with increasing spot size (spot size increasing

from bottom to top of image).

Non-uniformities in the ablation crater with larger spot sizes (> 20 um) were also
observed, as can be seen in the SEM cross-sections in Figure 5.10. The lack of

symmetry in the crater with larger spot sizes indicated some non-uniformity in the laser
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beam incident on the sample surface, which may have also contributed to the extensive
build-up of ablated material on the Si surface with larger spot sizes. The exact cause of
this non-uniformity is unknown, although the Gaussian beam-shape of the laser
employed in the tool should have resulted in moderately uniform crater dimensions. It is
possible that misalignment of the laser resulted in the non-uniform ablation, which
became significantly more noticeable as the spot size increased. Thus, the optimum
laser spot size was determined to 10 um, since it resulted in the least build-up of
agglomerated Si on the wafer surface, whilst also providing the highest spatial
resolution for analysis of plating uniformity and Cu penetration through the solar cell

contacts.

20.0kV 10.0mm x700 SE

Figure 5.10: SEM cross-sections of non-uniform ablation craters obtained with larger
spot sizes (50, 80 and 100 pum) on a planar Si surface with a scan speed of 5 um/s.

The SEM cross-sectional images in Figure 5.11 show the crater dimensions for a
series of different scan speeds with a spot size of 10 um and a laser fluence of 12 + 2
Jiem?, which were the laser parameters selected for the quantitative measurements
performed on thermally-treated solar cells with Cu-plated contacts. All the craters show
a clear lip along the edges of the line scan due to re-solidification of Si during laser
ablation [312]. The crater depth varies from ~ 25 pm to ~5 pm with increasing scan
speed, whilst the height of the re-solidified Si region follows a similar trend. It is
expected that fluctuations of the laser during line-scanning is reflected by non-
uniformities in the ablation along the length of the line scan. This is somewhat visible in
the 5 um/s SEM image in Figure 5.11, and may also be reflected in the quantitative LA-
ICP-MS results discussed in Section 5.4. Despite certain non-uniformities observed in
the ablation crater when using the slowest scan speed (5 um/s), this was the scan speed

chosen for the analysis of metal penetration from plated contacts into the underlying Si
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since the exact location of Cu within the substrate was unknown and quenching was
expected to cause Cu build-up in the bulk of the Si rather than close to the surface.

These results are detailed further in the following section of this chapter.

S pm/s 10 pm/s 15 pm/s 20 pm/s 25 pm/s

20.0kV 9.9mm x1.00k SE

Figure 5.11: SEM cross-sections of LA-ICP-MS line scans at different scan speeds with

a 10 um spot size on a planar Si surface.

5.4 Characterisation of diffusion barrier quality using LA-ICP-MS

5.4.1 Introduction

It is the main assumption of long-term thermal stability studies [50, 54, 55] that the
impurity responsible for the observed degradation in plated Si solar cells is Cu. To date,
few studies have attempted to confirm the role of Cu in plated cell degradation with
elemental analysis techniques and correlate this to weaknesses in the barrier layer. The
experiments reported in this section investigated the quantitative capabilities of LA-
ICP-MS in detecting Cu penetration from plated contacts into the underlying Si
substrate, as well as the relationship between thermal treatment duration, electrical
degradation and associated metal impurity signal intensity. The use of LA-ICP-MS as a
tool for assessing Ni barrier uniformity is also discussed in order to assess the potential
for spatially-resolved analysis of Si wafer contamination from plated metals using line-
scanning LA-ICP-MS.

5.4.2 Experimental

Small-area plated PERC cells (25 mm x 25 mm cell area) were fabricated on 156
mm boron-doped 1-3 Q.cm Cz-Si wafers with random-pyramid texturing, a phosphorus-

doped emitter (sheet resistivity ~ 110-120 Q/o, surface concentration of ~ 2x10*° cm™3
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and junction depth of ~ 0.4 um), a 75 nm direct-PECVD SiNx ARC and an Al rear
PERC structure forming the rear contact. Front contact grids were patterned using ps
laser ablation (as described in more detail in Section 4.2.2) and plated with bias-assisted
LIP according to the processing sequence detailed in Section 4.2.2.1 to form a contact
stack of Ni (~ 1 um) and Cu (8-10 um), with a thin Ag capping layer (0.3 um) formed
using immersion Ag plating. Cells were not sintered prior to thermal stress testing as the
purpose of this study was to examine metal penetration into the Si and NiSi (which is
difficult to remove from the surface by etching) would be expected to interfere with the

Ni signal measured during line-scanning LA-ICP-MS.

Cells were exposed to 200 °C in a muffle oven with N2 ambient for between 5 and
1000 hours to simulate long-term operation at elevated temperatures (5 samples per
time step). After thermal annealing, cells were quenched in ethylene glycol (cooling rate
~ 1000 K/s) within 1-3 seconds after thermal treatment followed by rinsing in DI water.
Electrical characterisation before and after thermal exposure included light and dark 1-V
measurements using a calibrated in-house constant illumination -V tester under
standard test conditions, and Suns-Voc measurements using a Sinton Instruments
Illumination-voltage tester. The impact of voids at the Cu/Ag interface was accounted
for prior to each measurement by applying pressure to the probe on contacting (see
Section 4.2).

Following cell characterisation after thermal treatment, 3 of the 5 test samples were
immersed in a 1:1 dilution of 70% (w/v) HNO3z in DI water maintained at 40 °C for 10
followed by 6 min in 5% HF + 10% HCI to remove residual metals from the surface.
Although 5 mins in each solution was shown to provide adequate surface preparation
(see Section 5.2), etching steps were extended to account for any reduced etching
efficiency as a result of extended thermal exposure.

Line-scanning LA-ICP-MS measurements were performed according to the
experimental details provided in Table 5.2, although specific settings employed in the
quantitative LA-ICP-MS measurements are also provided in Table 5.4. Similar to the
experiments reported in Section 5.2, two separate line scans (4 mm in length) were
performed along the busbar region of each sample solar cell, and the transport line was

flushed for 30 s between consecutive line scans.
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Table 5.4: Operating parameters used for LA-ICP-MS measurements on Si solar cells
after extended thermal exposure at 200 °C. Process parameters were as presented in Table
5.2 (in Section 5.2.2).

Laser Conditions

Scan mode Line scan
Laser Fluence (J/cm?) 12+2
Scan Speed (Um/s) 5
Scan length - NIST614 (um) 250
Scan length — sample (um) 4000
Spot Size (um) 10

Sample Conditions

Elements measured 2gj, 11B, SN, ©3Cu, 7Ag, 3P, Z7Al

For comparison, Time-of Flight SIMS (ToF-SIMS) measurements were performed
using an ION-TOF TOF.SIMS 5-100 instrument (IONTOF GmbH, Minster, Germany).
Samples were sputtered with O>" primary ions and analysis was performed with Bi*
primary ions in interlaced mode within the sputtered crater. A summary of the

measurement conditions used in ToF-SIMS measurements is summarised in Table 5.5.

Table 5.5: Operating parameters used for ToF-SIMS measurements on Si solar cells after

extended thermal exposure at 200 °C.

Sputter Conditions

Primary ion source 02"
Beam energy (keV) 2
Beam current (nA) 4103
lon dose density (ions/cm?) 10%8-10%
Raster area (um?) 300%300
Analysis Conditions
Primary ion source Bi*
Beam energy (keV) 30
Beam current (pA) 3+0.3
lon dose density (ions/cm?) 10%- 10
Raster area (um?) 100x100
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Samples for ToF-SIMS measurements were selected from a range of different
thermal stress testing time-steps, with the measurements performed on busbar regions
adjacent to corresponding LA-ICP-MS measurements. Due to a lack of appropriate
calibration standards for the elements in question in Si, only qualitative measurements
of signal intensity were obtained. Depth profiles were calibrated using a KLA Tencor
D-600 stylus profiler.

5.4.3 Results and discussion

Quantitative LA-ICP-MS results for Ni and Cu detected in the Si substrate after
different durations of thermal stress testing on plated solar cells are summarised in
Figure 5.12. Due to the variability in concentration along the line scan (discussed in
more detail further on in this section), the median concentration of Ni and Cu along the
line scan was graphed in Figure 5.12(a) and (b) respectively, averaged across all the line
scans performed on cells in that time step (6 line scan measurements in total). Since the
Ag signal was within the background noise for this LA-ICP-MS setup in the absence of
matrix-matched calibration standards, it was not examined in detail. It is apparent that
Ni and Cu follow a similar trend in terms of concentration determined by LA-ICP-MS,
both showing an overall increase in measured concentration with thermal treatment
duration and local peaks observed both at 200 and 750 hours, except the peaks are more
distinct for Cu than Ni. The effectiveness of the pre-cleaning process in eliminating
surface contamination (as described in Section 5.2) was evident by the fact that no Ni or
Cu was detected in the control cells (no thermal treatment).

The noticeable increase in detected Ni after ~ 50 hours of thermal stress at 200 °C
may be due to the formation of Ni silicide during thermal stress testing. Typically,
Ni/Cu/Ag-plated Si solar cells are sintered at 350 °C after plating to induce silicidation
of the Ni layer which acts to improve contact adhesion and resistivity [14, 314]. Several
different silicide phases result from annealing at different temperatures [315], and while
NiSi is the silicide phase often desired in solar cell manufacturing due to its lower
resistivity [316], Ni>Si is known to form at approximately 200 °C. Since the cells
examined in this experiment did not undergo sintering prior to thermal treatment at 200
°C, it was suspected that NiSi is responsible for the high Ni signal observed. This was
confirmed by Raman spectroscopy which showed peaks corresponding to Ni>Si as seen
in the example Raman spectra in Figure 5.13. No Raman peaks associated with Cu were
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observed on any of these samples, indicating that Cu was not present at the Si surface.
The presence of a Ni2Si layer which would be difficult to remove with the surface
etching procedure here may also explain the relatively high Ni concentration (max. 610
+ 261 ppm) compared to Cu (max. 302 + 164 ppm) measured in the thermally-treated
cells with LA-ICP-MS.
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Figure 5.12: (a) Plot of median Ni concentration and (b) plot of median Cu concentration
as a function of thermal treatment duration. The values presented here are the average
median values across 6 line scans for each time step, and their associated standard

deviations.
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Figure 5.13: Raman spectrum recorded at a busbar region of a non-sintered plated cell
after 750 hours at 200 °C.

Not only do the Ni and Cu concentrations measured with LA-ICP-MS follow the
same trend in relation to thermal stress duration, but on closer examination of individual
line scans, it can be seen that Ni and Cu concentration follow similar trends along each
line scan as can be seen in Figure 5.14. This may indicate that Ni and Cu migrate along
the same diffusion pathways during thermal treatment, which suggests that the surface
morphology may have an impact on the extent of metal ingress. It has been reported that
laser ablation patterning for metal contact formation can induce local crystal defects in
the Si and these crystal defects may provide diffusion pathways for metal ingress and
deep silicide formation [265, 266]. As reported in the previous chapter, Cu is also
known to preferentially diffuse along defect pathways, diffusing through both Ni as well
as Ag during thermal treatments [47, 247]. Whilst the diffusivity of Ni in Si is
comparable to that of Cu [317, 318], it is more likely that Ni and Cu penetrated the Si
through other low energy diffusion pathways such as laser-induced defects generated
during the formation of contact openings during laser ablation (discussed in more detail
in Chapter 6).

Large standard deviations exist in these measurements as seen in Figure 5.12
(sometimes greater than 100%). The deviations may be due to non-uniformities that can
influence both the penetration of metal into the Si as well as the LA-ICP-MS

measurements themselves. As mentioned previously, non-uniformities in the laser-
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patterning (to create openings in the dielectric for metal plating) can result in a localised
distribution of crystal defects and diffusion pathways, resulting in localised increased
migration of metals into the Si substrate during thermal treatment. Nickel barrier
thickness can vary significantly with plating current density and factors such as local
variations in emitter resistivity can result in significant differences in plating rate and
subsequent Ni thickness [26, 48]. Not only this, but variations in the Ni barrier layer
properties (grain structure, impurities, etc.) can also impact Cu diffusion into the Si
wafer [205]. Thus, these non-uniformities can result in large standard deviations both
within and between cells undergoing the same thermal treatment. In terms of
quantitative capabilities, the lack of any existing matrix-matched Si standards limits the
quantitative strength of LA-ICP-MS for Si sample analysis. In-house Si standards with a
homogeneous distribution of impurities with known concentrations can help improve
the quantitative accuracy of LA-ICP-MS [295, 319], although this is difficult to achieve
with fast diffusing species such as Cu and Ni, which tend to find sinks to reach
thermodynamic stability with the Si lattice. However, the values obtained in this work
are comparable to previous quantitative analyses of impurities in Si using LA-ICP-MS
[295, 296], and thus demonstrates the usefulness of the technique in understanding and

analysing metal penetration from plated contacts on Si solar cells.
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Figure 5.14: Example LA-ICP-MS line scan result for a sample cell after 750 hours of
thermal treatment at 200 °C. The black curve denotes the ratio of Ni to Cu along the scan,

demonstrating minimal deviation from unity (red line).
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Another potential application of LA-ICP-MS for plated solar cells is determination of
the plating uniformity of Ni layers before any thermal processing or contact removal.
As an example, Figure 5.15 shows LA-ICP-MS line scan results performed
perpendicularly across three plated fingers at two locations on a plated cell — close to
the busbar and close to the edge of the cell. Close to the busbar, the detected Ni signal
across the three fingers is approximately the same, whilst close to the edge of the cell
there is a significant difference in measured Ni concentration between the measured
fingers. Conversely, the Cu concentration is slightly higher at the edge of the cell
compared to the finger regions close to the busbar. Whilst this may be an artefact of
non-uniform laser ablation sampling or elemental fractionation during line-scanning
LA-ICP-MS [320, 321], it may also be an indicator of non-uniform Ni barrier plating.
With further refinement of the technique, LA-ICP-MS may prove a useful analytical

tool in plating uniformity analysis for Si solar cells.
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Figure 5.15: (a) Ni concentration and (b) Cu concentration profiles determined from LA-
ICP-MS line scans measured perpendicularly across several plated fingers close to the

busbar (red line) and near the edge of the plated cell area (blue line).

Comparative SIMS measurements were performed in adjacent regions to the LA-
ICP-MS line scans to confirm the measured concentration trend with thermal treatment
duration. Figure 5.16 shows SIMS profiles of both Ni and Cu for a range of thermal
duration timesteps. However, the use of appropriate calibration standards is
significantly more critical in SIMS measurements compared to LA-ICP-MS, so only
relative signal intensity between different timesteps were comparable, and no direct

correlation between Ni and Cu signal could be ascertained.

121



Chapter 5

106: T T T T T T ( )
] a
——5hrs ]
. ——50 hrs 1
0wk ——200 hrs 5
c ) 500 hrs 3
s ——750 hrs
2
10 4
3
7
c [ ]
3
g0 E
- E ;
c L ]
=]
o 10°F ) 3
10! —
0 1 2 3 4 5 6 7
Depth (um)
106 T T T T T T
b
——5hrs ()
o ——50 hrs
® 10° ——200 hrs -
‘-'== 500 hrs
o —750 hrs
2
10
=
0
=
2
c 10
=
[=
= 2
w 10
10

Depth (um)

Figure 5.16: SIMS depth profiles for (a) Ni and (b) Cu concentration obtained at adjacent
regions to LA-ICP-MS measurements performed on plated solars after varying durations

of thermal exposure at 200 °C.

The SIMS measurements above confirm the overall trend observed in LA-ICP-MS
results (see Figure 5.12), with significantly higher Ni and Cu signals at 200 and 750
hours and a local minimum at 500 hours thermal treatment duration. The penetration
depth of Ni and Cu also extends several pum into the Si substrate, well beyond the
junction depth for these plated cells (~ 0.4 um), indicating bulk penetration of plated
metals during extended thermal exposure at 200 °C. However, the severe matrix effects
observed in SIMS measurements, and the potential segregation of Cu (and perhaps Ni

as well) during Oz ion bombardment in SIMS measurements as noticed by Kilner et al.
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[277] may distort the depth profile, artificially extending the decay in the Cu/Ni signal.

However, these qualitative SIMS profiles were consistent with the concentration trends
in Ni and Cu observed in LA-ICP-MS results.

To determine whether metal contamination within the Si correlated with electrical

solar cell performance degradation, the open-circuit voltage Voc and pFF of cells were

also measured before LA-ICP-MS measurements. While Voc is a strong indicator of

substrate contamination [322], pFF has previously been used in the analysis of plated

solar cells as a measure of metal penetration close to the solar cell junction [50]. Figure

5.17 shows the correlation between Voc and pFF measurements with detected Ni and

Cu concentration.
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Figure 5.17: Relative reductions in (a) pFF and (b) Voc as a function of median Ni

concentration, and (c)-(d) as a function of median Cu concentration. The errors bars on

the x-axis represent the interquartile range (IQR) of the dataset obtained in each line scan.

In terms of pFF, no clear linear correlation was evident between both Ni or Cu

concentration and pFF reduction as seen in Figure 5.17(a) and (c). This is not

unexpected, since previous studies examining pFF during thermal stress testing of Cu-
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plated solar cells have shown that pFF will remain stable until a threshold state
following which Cu defects (in the form of precipitates) increase in concentration at the
junction sufficiently to begin to impact the pFF. Once this threshold is reached then a
more rapid decline in pFF tends to follow [50, 51, 54, 57].

Although this study resulted in too few samples with very high Ni and/or very high
Cu concentration to be conclusive about the trend of pFF with more extensive metal
contamination, the results suggested that pFF was more sensitive to high Cu
concentrations than Ni concentrations. The variability of the data for samples with high
metal concentrations both along individual line scans and between different samples, as
visible from the large error bars in Figure 5.17, suggests that Ni and Cu penetration and
indeed the impact of that penetration may be very sensitive to how the metal stacks are
plated, although the risk of non-uniform laser ablation of Si during LA-ICP-MS may
also impact the observed variability. For example, small differences in laser ablation
process parameters or plating parameters may result in significantly different metal
penetration effects. From an examination of Voc, it can be seen there is an approximate
linear decrease in Voc with increasing Ni concentration [see Figure 5.17(b)], whilst
there is an apparent non-linear decrease in Voc with increasing Cu concentration [see
Figure 5.17(d)]. This observation is consistent with the theory that Cu, which penetrates
into the Si, increases the recombination in the solar cell. It is possible that the ethylene
glycol quenching results in the Cu concentration in the Si increasing above its threshold
for precipitation in the p-type base where it is more likely to impact the Voc than the
pFF. Precipitation of Cu in the Si of the cell was only observed by Flynn et al. after
heat treatment if cells were quenched in ethylene glycol [233]. They hypothesised that
the absence of precipitates when cells were allowed to cool slowly was due to Cu out-
diffusing to the solar cell surface where it did not impact the cell’s electrical
performance. Future LA-ICP-MS studies which compare rapid cooling with ambient
cooling of plated solar cells after thermal treatment may be able to confirm this
hypothesis, although optimisation of laser parameters for improved depth-resolved
analysis would be required, with the use of shorter pulse laser ablation expected to

result in improved depth resolution compared with ns laser ablation.

In this particular case, it was difficult to separate the effects of Cu and Ni on Voc.

However, the relative concentrations of Cu and Ni as a function of thermal treatment
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duration suggest that Cu has a stronger effect on cell degradation than Ni. Whilst Ni has
been shown to cause shunting in Cu-plated solar cells, often termed Ni spiking [265,
266, 323], Kraft et al. have shown that thermal stability studies on cells with a plated Ni
layer observed no thermally-induced degradation in the absence of Cu [51]. However,
the presence of a Ag seed layer in these cells may have restricted deep silicide

formation in these previous studies.

5.5 Chapter summary

The capabilities of LA-ICP-MS for spatially-resolved analysis of metal penetration
from plated contacts on Si solar cells were presented in this chapter, with the primary
motivation of correlating electrical degradation observed in plated cells during extended
thermal exposure with associated metal contamination in the Si substrate. The analytical
technique was developed and optimised for the analysis of substrate contamination in
several ways. To improve the quantitative analysis of metal concentration in the Si
region underneath plated contacts without the need of a pre-ablation step, a chemical
etching procedure was proposed to removal bulk and trace metals from the plated
surface before LA-ICP-MS measurements. This consisted of a two-step procedure
involving HNO3 followed by HF/HCI. It was observed that whilst HNO3z at room
temperature was sufficient at removing the bulk of the plated contact, a significant
surface layer of Ni remained after etching. By maintaining the temperature of HNO3 at
40 °C, the etch rate was maintained which significantly improved the efficiency of
metal removal from the exposed Si surface. This, combined with the HF/HCI clean to
remove trace metals, was demonstrated to be a suitable alternative to pre-ablation steps
for LA-ICP-MS sample surface preparation.

The ablation behaviour of Si under ns laser ablation was also assessed to optimise the
transport efficiency of ablated material to the ICP for elemental analysis. While a linear
relationship between crater depth and laser fluence was observed, a mostly linear
increase in crater depth with scan speed was interrupted by a significant increase in
crater depth when using the slowest scan speed (5 pm/s). This was theorised to be
caused by explosive boiling of the Si during the high power laser ablation, whereby a
molten region developing underneath the Si surface resulted in the eruption of Si

material and the observed increase in crater depth. Increasing spot size was also

125



Chapter 5

reported to result in significant build-up of agglomerated Si material on the Si surface
that was not carried to the ICP for analysis. The aforementioned explosive boiling,
coupled with condensation of ablated particles in the Ar environment resulted in the
more significant build-up in material with larger volumes of ablated Si produced during
ablation with larger spot sizes (> 50 um). Even with the smallest spot size (10 pum), re-
solidification of ablated Si was observed at the crater edges. In future, replacing ns
lasers with shorter pulse laser (ps or fs) would reduce thermal ablation effects and
improve transport efficiency and thus accuracy of LA-ICP-MS for the analysis of Si

substrate contamination.

Quantitative LA-ICP-MS measurements of plated solar cells exposed to thermal
treatments at 200 °C for up to 1000 hours showed an increase in both Ni and Cu
concentration with increasing thermal treatment duration. Whilst the Ni signal was most
likely indicative of silicide formation during thermal processing, the increased Cu signal
represented penetration of plated metal into the Si wafer. The similar trends in Ni and
Cu concentration along line scans suggest that both metals may follow the same
diffusion pathways when migrating into the Si substrate. Large standard deviations both
along individual line scans as well as between different cells undergoing the same
duration of thermal treatment are theorised to be the result of variability in the
patterning and plating quality as well as ablation efficiency along the line scan.
Correlating measured Cu and Ni concentration to electrical degradation showed a non-
linear decay in Voc with increasing Cu concentration and a more linear decrease with Ni

concentration, whilst no clear trend was observed for pFF for either metal.

The experimental work reported on in this chapter highlights the potential for
spatially-resolved analysis of plated metal penetration using LA-ICP-MS,
demonstrating the possibility of correlating Cu and Ni concentration with associated
degradations in pFF and Voc. Although only briefly examined in this work, it is also
possible to extend the technique to the analysis of metal layer uniformity directly after
plating, providing more information on the uniformity of plated barrier metals. With
further refinement of the analytical method, improved standardisation and optimisation
of the laser properties and ablation conditions, the technique can prove a powerful tool
for the improved understanding of metal diffusion paths at metal-semiconductor

interfaces and deconstructing potential failure mechanisms in plated Si solar cells.

126



Chapter 6 Thermal Stability Testing for
Plated Solar Cells

The impact of various processing conditions (temperature, base doping, barrier
uniformity, illumination) on the diffusion and recombination activity of Cu in Si has
been demonstrated and discussed in previous chapters. This final experimental chapter
combines the knowledge obtained from previous experiments to investigate the impact
of various parameters on long-term plating stability using the methodology first
proposed by Bartsch et al. in 2010 [50]. The sensitivity of Cu-related degradation in
plated solar cells to base doping polarity is addressed through a comparison of
degradation responses between plated n-type PERT and p-type PERC cells. Since the
thermal stability test reported first by Bartsch et al. was performed in the dark, the
acceleration of Cu-related cell degradation with the addition of light during thermal
stability testing was also investigated. Finally, the critical role of process control in cell
degradation analysis and Arrhenius modelling is also discussed in terms of the impact of
laser ablation contact grid patterning and barrier plating uniformity on the variability in

thermal stability of Cu-plated cells with identical processing sequences.

6.1 Arrhenius analysis of solar cell degradation

The Arrhenius method for estimating long-term thermal stability of plated solar cells,
first introduced by Bartsch et al. in 2010, was developed primarily as a way of
estimating solar cell lifetime under field conditions [50]. Beginning with well-
understood diffusion theory described by Fick’s laws [69, 324, 325], the diffusion
coefficient that defines the flux of the diffusing species in a material is given by
Equation 6.1 [50]:

Eq

D = D, - exp (— kB_T) (6.1)
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With suitable boundary conditions (infinite diffusion source, constant surface
concentration and a semi-infinite diffusion medium), the penetration depth of a

diffusing species (L) can be determined according to [50]:

L=+/Dt (6.2)

The critical diffusion length of Cu into the cell is defined as the depth of the SCR
associated with the p-n junction, at which point the performance of the cell is expected
to be severely impacted. However, before entering the Si, diffusing Cu must first
penetrate the Ni barrier layer where its diffusivity is expected to differ from that in Si.

This complicates the analysis of Cu diffusion in plated solar cells.

To simplify this analysis, the temperature-dependent diffusion behaviour of Cu can
be estimated through Arrhenius modelling. The activation energy, Ea, of the multi-step
process of Cu penetrating the Ni barrier and diffusing into the Si of the solar cell for a
given time (t) and temperature (T) can be obtained from the slope of a plot of In(t) as a
function of 1/T [50]:

_E, 12
In(t) = T +In Dq (6.3)

To determine the time-temperature pairs that correspond to a constant diffusion length
(assuming also constant Do), the diode quality of the solar cell can be monitored via
tracking pFF with Suns-Voc measurements as a function of time at a set temperature.
For each testing temperature, T, the value of t is then defined as the time at which the
pFF is reduced by 5% from its initial value before thermal treatment commenced
(reflecting degradation thresholds set in test standard IEC 61215 [326]). Suns-Voc
measurements are non-destructive and they eliminate series resistance effects, allowing
for analysis of the diode quality of the cell without contributions from series resistance
which may occur during thermal testing due to contact degradation. This method
assumes that a certain loss in pFF (which is highly sensitive to impurities in the SCR)
represents a certain degree of Cu diffusion into the cell for equivalent solar cell designs.
Thus, a 5% relative loss in pFF (the chosen degradation condition for most studies on
plated solar cells [51, 56, 57, 232], including those presented in this chapter) represents
a constant diffusion length for different thermal conditions. Subsequently, from

128



Thermal Stability Testing for Plated Solar Cells

Equation 6.3, an estimation of cell lifetime at assumed outdoor conditions (~ 80 °C) can

be obtained.

However, it was acknowledged by Bartsch et al. [50] that the Arrhenius modelling
employed was highly sensitive to the accuracy of electrical measurements performed on
cells during thermal stability testing, with even small errors in the measurement leading
to significant inaccuracies in the estimated Ea for Cu diffusion in the cell structure and
thus the extrapolated cell lifetime at environmental operating conditions [50].
Subsequently, Kraft also highlighted the sensitivity of the testing methodology to the
frequency in which electrical measurements are performed [232]. As seen in Figure 6.1,
the degradation rate for solar cells with Cu in direct contact with the Si substrate
increased with decreasing measurement frequency during extended thermal exposure at
275 °C. This observation was attributed to an increased build-up of Cu in the Si wafer
with longer periods of thermal exposure, resulting in a higher supersaturation of
diffused Cu in the wafer bulk leading to enhanced degradation due to Cu precipitation
[36]. With shorter measurement frequencies, Cu out-diffusion could dominate which
resulted in a slower degradation rate [74], further highlighting the need to better
understand the sensitivity of Cu-plated cell degradation to the kinetics of Cu diffusion

and precipitation.
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Figure 6.1: Normalised pFF as a function of thermal treatment duration at 275 °C for

Cu-plated cells without a diffusion barrier tracked with different measurement

frequencies (from [232]).
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It should also be noted with this Arrhenius analysis, that the pFF degradation
involves multiple steps (Cu diffusion through Ni, Cu diffusion in Si and presumably
also Cu precipitation close to the junction). Consequently, the estimated Ea is
representative of the rate limiting step associated with the degradation. Despite the
apparent limitations in the technique, the high sensitivity of the solar cell junction to
impurity-related recombination, coupled with the non-destructive nature of the analysis
technique make it far more suitable than other forms of characterisation such as SIMS
or LA-ICP-MS that have been discussed in the previous chapter. However, there may be
beneficial information to be gained from expanding this thermal stability analysis to
include parameters in addition to pFF, which will be discussed in this chapter.

6.2 Comparison of n-type and p-type cell degradation

6.2.1 Introduction

In Chapter 2, the greater propensity for Cu defect formation in n-type Si compared to
p-type Si was discussed. The amphoteric nature of Cu silicide precipitates results in the
precipitate charge state switching from positive to negative as the Fermi level is raised
above the neutrality level for Cu precipitates (Ec - 0.2 eV) [36]. This implies that
changing the base doping of a plated solar cell from p-type to n-type will also change
the degradation behaviour due to Cu diffusion from the plated contact into the Si
substrate during thermal stability testing, with a higher potential for significant bulk
degradation expected in n-type Si. This section reports the results of experiments which
examined the degradation responses during thermal stability testing performed on both
p-type PERC and n-type PERT solar cells with Cu-plated contacts and compares the
associated degradation behaviour of different cell structures during extended thermal

exposure.
6.2.2 Experimental

Small-area p-type cells were fabricated on 156 mm B-doped 1-3 Q.cm Cz-Si wafers
with random-pyramid texturing, a homogeneous P-doped emitter (sheet resistivity
~ 110-120 /o, surface concentration of ~ 2x10%° cm™ and junction depth of ~ 0.4 pm)
and an 80 nm SiNx ARC (deposited on the front surface using direct PECVD). Cells

with a PERC rear contact structure were analysed in these experiments.
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Comparative n-type PERT cells were similarly fabricated on 156 mm P-doped 1-5
Q.cm Cz-Si wafers with random-pyramid texturing, a uniform B-doped emitter (sheet
resistivity ~ 80-90 Q/o, surface concentration of ~ 3x10'° cm™ and junction depth of
~0.86 um), an ~ 80 nm AlOx/SiNx ARC (deposited on the front surface using direct
PECVD) and a uniformly P-diffused BSF.

Small cell contact grids (fingers + busbar) were patterned on the front surface via
266 nm ps laser ablation (as detailed in Section 4.2.2) with different optimised laser
conditions for the different cell structures to ensure complete removal of the SiNy layer.
The p-type cells were ablated with 0.44 J/cm? laser fluence and 9 pum pitch between
adjacent laser scans, whilst the n-type cells were ablated with 0.3 J/cm?and a 9 pm pitch
between adjacent laser scans. The lower power used on the n-type cells was to
compensate for a greater degree of laser damage observed for B-doped emitters

compared to the P-doped emitters on the p-type cells.

Cells were metallised using bias-assisted LIP for the p-type cells and field-induced
plating (FIP) for the n-type cells [236, 244, 327] to form a Ni (~ 1 pum) and Cu (8-10
pm) contact stack with a ~ 1 um LIP Ag capping layer. The plating solutions and
currents used for both LIP and FIP were identical (according to the methodology
described in Section 4.2.2.1). Following plating, 156 mm plated wafers were sintered at
350 °C for 1 min to form a NiSi layer. After sintering, small-area cells were laser-

cleaved from the 156 mm wafers for edge isolation, characterisation and thermal testing.

To simulate long-term operation at elevated temperatures and replicate the testing
conditions used in previous studies [50, 51, 328], the cell temperature was maintained at
200 °C on a hotplate in the dark. Cells were characterised before thermal treatment
using a combination of PL imaging with a BT Imaging LIS-R1 imaging tool, I-V
measurements using a calibrated in-house constant illumination I-V tester under
standard test conditions, external quantum efficiency (EQE) measurements with a
QEX7 Solar Cell Measurement System from PV Measurements, and Suns-Voc
measurements using a Sinton Instruments Illumination-voltage tester. Identical
characterisation was performed intermittently at intervals of between 24-72 hours to
avoid any impact of measurement frequency on observed Cu degradation behaviour
[232]. The impact of voids at the Cu/Ag interface was accounted for prior to each

measurement by applying pressure to the probe on contacting (see Section 4.2).
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6.2.3 Results and discussion

Table 6.1 summarises the average cell output for the n-type and p-type cells tested in
this experiment before thermal treatment and after 500 hours on a hotplate at 200 °C.
On average, the p-type PERC and n-type PERT cells experienced a similar absolute
efficiency loss of 4-5% after 500 hours of thermal exposure. The large standard
deviations observed in the degradation cell output parameters were most likely due to
significant variability in cell degradation amongst different batches, which will be
discussed in more detail in Section 6.4. Whilst both n-type and p-type cells suffered the
same average loss in Voc (9.5—10% relative), the p-type cells suffered more severe pFF
degradation than the n-type cells, with a relative pFF loss of ~ 21% for p-type PERC
cells compared to only 15% for the n-type PERT cells.

Table 6.1: Comparison of cell I-V parameters for n-type PERT and p-type PERC Cu-
plated solar cells before and after 500 hrs at 200 °C on a hotplate in the dark. The number
of cells analysed in each batch is given by the value, n.

p-type (n = 6) n-type (n = 18)
to ts00 to t500

Voc (MV) 644 + 4 566 + 110 668 + 1 604 £ 93

Jic (MA/cm?) 39.4+0.3 40.4 +0.4 40.7+0.3 39+5
FF (%) 748+0.9 58 + 14 77.1+0.8 68 + 14
pFF (%) 79.6+0.3 62 + 15 80.8+04 69 + 14

n (%) 19.0+£0.2 14+5 21.0+0.3 16 +5
Rseries (Q.cm?) 0.8+£0.2 0.8+£05 05+0.1 0.7+£0.3

For all the cells examined in this study, there was minimal observed reduction in
short-circuit current, Jsc, during thermal stability testing (as confirmed by the example
EQE curves presented in Figure 6.2 below, which indicate Js losses of 0.2 mA/cm? and
0.02 mA/cm? for p-type and n-type cells, respectively). Whilst degradation in the
spectral response of thermally-treated cells was only obvious in the case of large
reductions in Voc, pFF and Jsc, Figure 6.2 (b) shows slight reductions in the broadband
EQE for p-type PERC cells (corresponding to a Jsc loss of 0.2 mA/cm?), which could be
attributed to increased defect density in the substrate or potentially at the surface, which

has previously been shown to reduce broadband wavelength response in EQE
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measurements in light-soaked solar cells, particularly at shorter wavelengths [329, 330].
It is possible that degradation of the surface passivation was responsible for the
observed EQE degradation, however the possibility of metal diffusion in and around the
surface, as has already been shown in cross-sectional TEM images in Chapter 4, cannot
be eliminated as a cause of the observed EQE response degradation, especially with the

inclusion of light, as will be discussed further in the next section.

100 L...v_l.-— . T
80 |
?-\a’ 60 +
w
(s}
W
20 N-type
—s=— Before thermal test
—e— After 800 hrs at 200 °C (dark)
0 1 1 1
400 600 800 1000 1200
Wavelength (nm)

(b)
§ -
w
g
m -

325 350 375 400 600 800 1000
20 | P-type §
—=— Before thermal test
—e— After 618 hrs at 200 °C (dark)

1 Il 1 1

400 600 800 1000 1200
Wavelength (nm)

Figure 6.2: (a) EQE curve of a representative Cu-plated n-PERT cell before and after
thermal stability testing at 200 °C for 800 hrs in the dark, and (b) EQE curve of a
representative Cu-plated p-type PERC cell before and after thermal stability testing at 200
°C for ~ 600 hrs in the dark. The insets in (b) show zoomed in regions of the EQE curve.
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To better interpret the different Cu-related degradation responses of the n-type PERT
and p-type PERC solar cells, a closer examination of the evolution of degradation with
time was required. Figure 6.3 presents a series of pseudo I-V curves obtained with Suns-
Voc measurements on example n-type and p-type solar cells, respectively, at different
durations of thermal stability testing. Due to the variability in cell degradation within
each batch of cell structures, cells with median degrees of degradation were selected for

closer examination.
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Figure 6.3: Evolution of pseudo I-V response for (a) a representative Cu-plated n-type
PERT cell, and (b) a representative Cu-plated p-type PERC cell with increasing duration
of thermal treatment at 200 °C in the dark.
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Examining the evolution of n-type cell degradation, increased non-ideal
recombination effects were observed with increasing duration of thermal exposure, as
well as a noticeable shift in the Voc. An increasing shift in the knee of the curve
suggested a significant increase in recombination active defects in the SCR of the cell,
resulting in the reduced FF and pFF as a result of non-ideal recombination.
Comparatively, the p-type cell presented more delayed degradation behaviour, coupled
with a less severe reduction in Voc with increased duration of thermal exposure. The
different apparent degradation behaviours observed in these two examples suggest
different concentrations of Cu defects forming in different regions of the cell. Whilst the
pFF reduction is considered an indicator of junction-related recombination according to
Bartsch et al. [50], Voc is an indicator of bulk recombination within the Si substrate.
Thus, the enhanced reduction in Voc in the n-type PERT cell presented in Figure 6.3 ()
compared to the p-type PERC cell presented in Figure 6.3 (b) is consistent with more
Cu precipitates forming in the bulk in the n-type cells, most likely due to the reduced
barrier to Cu precipitate formation in n-type material [36]. The separation of junction
and bulk recombination was further assessed by examining the Joz and Jo2
recombination current densities extracted from two-diode model fits on these pseudo I-
V curves, with the associated fit parameters from the previously shown pseudo I-V

curves presented below in Table 6.2.

Table 6.2: Two-diode model fitted values for Jo: and Joz Saturation current densities for a
representative n-type PERT and p-type PERC Cu-plated solar cell after different
durations of thermal treatment at 200 °C on a hotplate in the dark. The shaded values
correspond to measurements in which the 2-diode model did not provide an adequate fit

(corresponding R? values for each fit are also given).

p-type PERC n-type PERT
Time Jo Jo2 R? Jo1 Jo2 R2
(hrs) (Alcm?) | (Alcm?) (Alcm?) | (Alcm?)

0 2.8x101 | 3.7x10% 0.999 2.4x101 2x108 0.999
100 4.7x101% | 4.8x10°8 0.997 2.5x10% | 3.8x10°% 0.999
310 9x10 1.1x107 0.942 7.5x10%* | 1.3x107 0.952
500 1x104 1.8x10” 0.921 1x104 3.3x10” 0.838
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The unexpected (small) reduction in Jo1 with thermal treatment for both the p-type
PERC and n-type PERT cells highlights a problem with two-diode analysis applied to
later stages of cell degradation. As the degradation extent increased in both the n-type
and p-type cells, the pseudo |-V data was increasingly poorly modelled using a two-
diode model as evident in the decreasing R? values of the fitted curves, limiting the
usefulness of this analysis. Figure 6.4 shows the measured Suns-Voc curve (and an
attempted two-diode fit) for a representative p-type PERC cell and n-type PERT cell at

different stages of thermal treatment at 200 °C.
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Figure 6.4: Comparison of measured Suns-Voc data and corresponding two-diode model
fit for a representative Cu-plated p-type PERC and n-type PERT solar cell after (a) O hrs,
(b) ~ 100 hrs, and (c) 500 hrs of thermal treatment at 200 °C in the dark.
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After ~ 100 hrs of thermal exposure, the two-diode model was still able to
adequately fit the measured Suns-Voc curve, and the increasing Joo component was
visible in the degradation of the curve at low illumination intensities, which is indicative
of some degradation at the SCR. However, after 500 hrs of thermal exposure, the
distortion of the Suns-Voc curve was so severe such that the two-diode fit and the
extracted Jo1 and Jo2 parameters were no longer accurate. Since distortion related to the
presence of voids at the Cu/Ag interface had been removed, the degradation of the
Suns-Voc curve at this stage of thermal stability testing indicated a high degree of non-
ideal recombination occurring in both the n-type and p-type cells. This reflects similar
distortion in dark I-V measurements that have been observed in several previous studies
[331-333] in which this behaviour was attributed to different recombination centres in
Si that result in diode ideality factors much higher than n = 2 at low bias voltages.
Similar behaviours were also recently observed by Dang et al., who attributed this
increased non-ideality to laser-induced dislocations generated during ablation patterning
for front contact formation of plated p-type PERC cells, as well as potential Ni/Cu
diffusion along laser-induced defects [264, 334]. Whilst dark 1-V measurements were
not monitored in this work, the similar behaviours of dark I-V curves in previous studies
and the Suns-Voc curves in Figure 6.4 highlighted similarities in the degradation
behaviours observed. Since the accuracy of fitted parameters for Jo1 and Jo2 using the 2-
diode model was poor at later stages of degradation, a two-diode analysis was not used

to monitor the cell degradation reported in this chapter.

Corresponding PL images for the representative p-type PERC and n-type PERT cells
discussed above were examined to assess the uniformity of cell degradation across the
cell, as can be seen in Figure 6.5 below. For the most severely degraded cells, the PL
intensity was reduced so much that features of the cell could no longer be resolved at

the same PL exposure used to image cells before thermal treatments.
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Figure 6.5: PL images of representative n-type PERT and p-type PERC solar cells (used
for Figure 6.3) at different stages of thermal stability testing at 200 °C in the dark
(exposure time = 0.1 s, photon flux = 2.72x10% cm?s?).

In the PL images shown above, it can be observed that a mostly uniform degradation
in PL intensity occurred during thermal stability testing, yet there are also localised
regions of decreased PL intensity such as that observed in the p-type PERC cell after
310 hrs of thermal exposure. These localised reductions in PL intensity represented
local shunts in the contact structure as well as increased recombination in the cell,
potentially as a result of Ni/Cu diffusion into the solar cell junction (as shown
previously in Chapter 4, as well as in similar studies [264]), resulting in the observed
non-ideal recombination that caused the shift in the knee of the I-V curves seen in
Figure 6.3. The increase in PL intensity between 100 and 310 hours for the p-type
PERC cell also corresponds with the shift in the Voc in the pseudo I-V response for this
particular p-type cell, and may correspond with changes (i.e., reductions) in the p-type
bulk recombination occurring during the thermal treatments, although the exact cause

could not be confirmed in this study.

Since the two-diode model provided limited information at more advanced stages of
degradation during thermal stability testing, the indicators of Cu-related cell degradation
selected for subsequent analysis in this study were the Voc and pFF. These parameters
were initially selected to monitor changes in bulk and junction-related recombination,
respectively. To determine the relative contributions of these parameters to the
degradation in cell efficiency during thermal stability testing, the correlations between
both Voc and pFF to cell efficiency across all measurements performed in this
experiment were graphed in Figure 6.6. Degradation in pFF preceded degradation in
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Voc for both the p-type and n-type cells. Cell efficiency appeared to degrade linearly
with pFF [see Figure 6.6 (c)], however the relationship between cell efficiency and Voc

appeared to be more complex [see Figure 6.6 (2)].
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Figure 6.6: Relationship between: (a) normalised Voc and efficiency; (b) normalised Jsc
and efficiency; and (c) normalised pFF and efficiency (#) for both p-type PERC and n-
type PERT solar cells during thermal stability testing at 200 °C in the dark.

This trend of pFF degradation preceding Voc degradation is consistent with the
gradual diffusion of Cu from the front contacts into the bulk of the solar cell where Jo1

and Voc were impacted, with the emitter being the region most susceptible to

139



Chapter 6

degradation during thermal stability testing. Another explanation for the observed
degradation behaviour is the injection-dependent recombination behaviour of Cu-
induced defects or precipitates. The presence of an SRH recombination centre with even
a moderate capture asymmetry can lead to strong injection-dependent carrier lifetime in
Si [194]. Previous studies by Aberle et al. [335] and Macdonald and Cuevas [336] have
shown that such injection-dependent SRH recombination at the rear surface and in the
bulk can result in reduced FFs in Si solar cells. It was shown in Chapter 3 (see Figure
3.11 and Figure 3.14) that the presence of Cu precipitates also leads to a strong
injection-dependent carrier lifetime in Si, with lower lifetimes observed under low
injection conditions which correspond more closely with the maximum power point of
the 1-V curve (the knee of the curve at An < 1x10'® cm®) than the Voc. Thus, the
presence of injection-dependent recombination can result in the observed sloping knee
in the Suns-Voc curves in Figure 6.4 and the concomitant reduced pFF before the defect
density could increase sufficiently to impact the Voc of the solar cell. The injection
dependence of recombination arising from Cu precipitates may be related to the
precipitate size and density, with larger precipitates presenting an apparent stronger
injection-dependence. Similar conclusions have also been made in previous studies
[158, 183], where an increased density of precipitates resulted in an overall lower bulk
lifetime and thus Voc for the resultant cell. Hence, it is possible that as Cu precipitates
grow due to increasing Cu concentration in the Si substrate, the severity of pFF
degradation increases until the precipitate density increases sufficiently to degrade Voc.
However, these studies focussed on iron (Fe), which has a significantly larger capture
asymmetry compared to the Cu precipitates examined in this work (k > 200 [336]
compared to k = 1.4 - 5.6 as determined for FZ-Si in Chapter 3). Thus, the impact of
SRH defect asymmetry on the I-V characteristics of the solar cells examined in this
work would be expected to be much less pronounced. Furthermore, such severe non-
ideal recombination would be expected to significantly impact the Jsc and Jo1 of the
device due to the distribution of precipitates throughout the bulk (rather than localised
to the junction), which is not the case as seen in the cell results in Table 6.1 and Table
6.2, as well as the EQE results in Figure 6.2. Shunting of the junction by Cu precipitates
more closely coincides with the minimal Jsc losses observed, since shunting does not
severely impact Jsc. Consequently, the observed Cu-related degradation was more

consistent with a localised distribution of precipitates close to the junction.
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It should also be acknowledged that the duration between consecutive measurements
would likely impact the relative trends observed in these experiments as was mentioned
earlier in Section 6.1 [232]. Since the average interval between measurements was
between 24 and 72 hours, the time available for Cu diffusion into the cell substrate is

extended beyond what would be expected during 8 hours of daylight in the field.

The difference between the progressive degradation of the n-type PERT and p-type
PERC Cu-plated cells was most clearly resolved when comparing the normalised pFF
and Voc as a function of thermal treatment duration. As shown in Figure 6.7 (a), the
normalised pFF of both the n-type and p-type cells decreased with increasing thermal
treatment duration, however the decrease in pFF was more rapid for the n-type cells
than the p-type cells. The large standard deviations observed in this degradation
experiment was due to significant variation in cell degradation across the cells tested,
which could be the result of process variance between different cell batches, which will
be discussed in more detail in Section 6.4. Regardless of base doping, the 95% relative
threshold was reached well before 500 hours of thermal treatment, which indicates
poorer performance of the plated Ni barrier for the cells in this study compared with
previous studies employing the same thermal stability test with optimised uniform Ni

barriers on either bare Si or printed Ag seed layers [51, 54, 232].
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Figure 6.7: (a) Normalised pFF and (b) normalised Voc as a function of thermal
treatment duration at 200 °C in the dark for Cu-plated p-type PERC and n-type PERT
solar cells. The error bars represent the standard deviation across the batch of cells
examined (sample sizes provided in Table 6.1). The red dashed line represents the critical

degradation state chosen for Arrhenius analysis (95% relative reduction in pFF).

The trend in Voc degradation with thermal treatment duration is more in keeping
with the expected Cu-related degradation responses of n-type and p-type solar cells. For
n-type cells, the degradation of the bulk is expected to be more rapid since lower
concentrations of Cu are required to trigger Cu precipitation which leads to enhanced
bulk recombination and a lower Voc. In the case of p-type solar cells, the Cu

concentration needed to overcome the nucleation barrier for Cu precipitation is
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generally significantly higher [36, 86], leading to the more delayed degradation in Voc
witnessed for p-type cells compared to n-type cells during thermal stability testing.

Regardless of the base doping, the degradation of the plated cells appears to occur
initially as a reduction in pFF followed by a reduction in Voc. This behaviour may
reflect the diffusion pathways of Cu from the plated contact stack into the Si substrate.
Initially, Cu is likely to build up closer to the surface and junction, leading to increased
non-ideal recombination at the junction, reducing pFF. As Cu diffusion into the bulk

becomes more extensive, there is a more noticeable reduction in Voc.

There are several factors that may have distorted the recombination behaviour
observed in each of these cell structures. The preferential formation of Cu precipitates in
n-type material may potentially enhance the penetration of Cu in n-type PERT cells by
providing a sink for Cu, similar to the way Cu diffusion through the Ag capping layer
may have been driven by a sink reaction with the atmosphere as discussed in Chapter 4.
Furthermore, variation in ablation patterning conditions for n-type and p-type cells may
have introduced different defect densities which vary the available defect pathways for
Cu diffusion. It is also possible that non-uniformities in the plated Ni barrier resulted in
more enhanced degradation in some cells compared to others. The exact mechanisms
behind the degradation behaviour observed could not be confirmed in these
experiments. Repeating these experiments with a more consistent batch of p-type PERC
and n-type PERT cells would allow for a better comparison of p-type and n-type
degradation behaviour due to Cu diffusion. Modelling metal diffusion along defect
pathways introduced by the different laser ablation conditions between n-type and p-
type cells could also help to shed some light on the different degradation responses

observed in this work.

6.3 Influence of illumination on degradation

6.3.1 Introduction

Whilst previous studies based on the methodology introduced by Bartsch et al. [50]
considered only the diffusion of Cu through the metal barrier layer and subsequent
build-up in the Si [51, 57, 264, 328] as the driving mechanism behind the observed

degradation, the contribution of illumination to Cu-related degradation (Cu-LID) in
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plated cells (which is likely to be experienced in the field) needs to also be understood.
As discussed in Chapter 2 and reported in Chapter 3, optical activation of Cu defect
formation under even low light intensities can significantly accelerate degradation of the
minority carrier lifetime in Cu-contaminated Si due to the nucleation and growth of Cu
precipitates [42, 104, 105]. Thus, an examination of the long-term stability of Cu-plated
solar cells which are both heated and illuminated may be required to more accurately
represent the conditions experienced by cells operating in the field. This section reports
on experiments which aimed to investigate the different degradation behaviours of
plated p-type PERC and n-type PERT solar cells using thermal treatments with and

without illumination.
6.3.2 Experimental

Small-area p-type PERC cells and n-type PERT cells were fabricated according to
the experimental description provided in Section 6.2.2. A contact stack of Ni (~ 1 pm),
Cu (8-10 pm) and Ag (~ 1 um) was plated and cells were sintered at 350 °C for 1 min
in N2 ambient followed by laser cleaving of the 156 mm wafers for edge isolation,
characterisation and thermal testing.

Both the p-type and n-type cells were randomly separated into two different
experimental batches — one in which the temperature was maintained at 200 °C on a
hotplate in the dark (previously discussed in Section 6.2), and another with cells
exposed to ~ 1 Sun illumination provided by 4x500 W halogen flood lights on an
identical hotplate calibrated such that cell temperature was maintained at 200 °C (using
the setup previously described in Chapter 3). Cells were characterised at different stages

of thermal stability testing according to the procedure outlined in Section 6.2.2.
6.3.3 Results and discussion

The 1-V response of cells before and after 500 hours of thermal exposure at 200 °C
both in the dark (tsoo park) and under 1-Sun illumination (tsoo Ls) are summarised in
Table 6.3 and compared with the pre-treatment values (to). For the n-type PERT cells,
there was little observable difference in degradation under illumination compared to
thermal treatment in the dark, with only a slightly lower pFF and Voc observed with the
inclusion of light in the thermal stability testing procedure. For the p-type cells, there is

a significant variation between dark and illuminated samples during thermal stability
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testing. With the addition of illumination, Voc decreased by an average of ~ 260 mV
after 500 hrs at 200 °C under 1-Sun illumination, indicating significantly more
advanced bulk degradation under illumination. The pFF of the p-type PERC cells also
decreased by 31% for the illuminated cells compared to 22% for cells that underwent
thermal stability testing in the dark. This resulted in a two-fold increase in average
efficiency loss for illuminated p-type cells compared to that measured on identically-
processed samples experiencing the same thermal stability test in the absence of

illumination.

Table 6.3: Summary of average cell output parameters for p-type PERC and n-type
PERT solar cells before and after thermal stability testing at 200 °C for 500 hrs on a

hotplate both in the dark and under ~ 1 Sun illumination.

p-type (n =6) n-type (n = 18)
to t500_Dark ts00_Ls to t500_Dark ts00_Ls
(\rf]o\(;) 644 + 4 566 + 110 | 383 +194 668 +1 605 + 94 600 + 83
(mA]/S(;mZ) 394+03|404+04|40.1+03 |40.7+0.3|39.4+47 | 42+0.9
(IC:)/IO:) 74.8+0.9 58+ 14 49 + 13 77.1+0.8 68 + 14 66 + 13
pFF
(%) 79.6 £0.3 62 £ 15 55+ 13 80.8+0.4 69 +14 69 £ 15
((30) 19.0+0.2 | 136+49 | 81+6.2 | 21.0+03 | 165+5.2 | 16.8+5.2

Since the p-type cells were most significantly impacted by the addition of
illumination, correlations between both Voc and pFF and cell efficiency across both the
dark and illuminated p-type PERC cells that experienced thermal stability testing were
re-examined, as presented in Figure 6.8 below. Although the absolute degradation of the
cells was greater for the thermally-treated cells under illumination, the relative trends in
the pFF and Voc degradation remained unchanged, with pFF decreasing initially
(following an apparently linear decrease with efficiency) followed by a decrease in Voc.
This remains consistent with the discussion in Section 6.2.3, where an increasing

concentration of SRH Cu defects localised in the emitter leads to a more pronounced
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degradation in pFF, before increased precipitate density leads to an increase in Voc

degradation.
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and efficiency, and (c) normalised pFF and efficiency () for p-type PERC solar cells
during thermal stability testing in the dark and at ~ 1 Sun illumination at 200 °C.

The main impact of illumination on the degradation behaviour of n-type PERT cells
was an observed acceleration of the degradation rate of the cells, as witnessed in the
normalised pFF and Voc curves in Figure 6.9. Whilst the degradation rate of Voc was

only marginally increased, the most significant change was observed in the degradation
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rate of pFF, which is consistent with the acceleration of Cu precipitation in Si under

illumination [104, 137]. However, after 500 hrs the cells all achieved the same degree of

degradation regardless of the presence of illumination.
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Figure 6.9: Normalised (a) pFF and (b) Voc as a function of thermal treatment duration

at 200 °C for n-type PERT solar cells with and without illumination.

As mentioned previously, the threshold for Cu precipitate formation in p-type Si is

significantly higher due to the position of the Fermi level in relation to the neutrality

level of Cu precipitates (Ec — 0.2 eV) that encourages further precipitate nucleation and

growth [36, 37]. Whilst this condition may not necessarily be met under 1-Sun

illumination (An = ~1x10'® cm?®), the precipitate growth rate would be significantly

enhanced by reduction of the built-in voltage around the precipitate-Si interface as
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discussed in Section 2.4. Thus, optical activation (i.e. - increased carrier concentration)
is most likely to accelerate degradation in the p-type region of a solar cell, which is
primarily in the emitter for an n-type solar cell. This may also explain the observed
increase in pFF degradation rate for the n-type cells analysed in these experiments

under illumination compared to thermal stability testing in the dark.

Whilst the impact of illumination on the thermally-treated n-type PERT cells was
minimal, the impact on p-type PERC cells was significantly greater as seen in the
normalised Voc and pFF degradation curves presented in Figure 6.10 below.
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Figure 6.10: Normalised (a) pFF and (b) Voc as a function of thermal treatment duration

at 200 °C for p-type PERC solar cells with and without illumination.
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Both the Voc and pFF degradation rates are significantly increased under
illumination, and as already shown in Table 6.1, the overall extent of degradation after
500 hours of thermal treatment is greater for p-type PERC cells after illumination is
included. The enhanced optical activation of Cu precipitate formation in p-type Si
compared to n-type Si seen in these results is consistent with previous studies that show
Cu degradation in p-type Si requires illumination to push the quasi-Fermi level for
electrons above the neutrality level for Cu precipitate formation and reduce the barrier
voltage at the precipitate-Si interface [104, 105, 136], increasing the growth rate for Cu
precipitates and thus resulting in the observed increased degradation rate of the Voc
with illumination during thermal stability testing. However, unlike the n-type cells in
which the impact of illumination was primarily evident in the pFF due to the p-type
emitter, both pFF and Voc experienced similar increases in degradation rate with
illumination during thermal stability testing. The increased rate of pFF degradation in p-
type PERC cells with illumination could be due to the Cu precipitation in the bulk
occurring predominantly closer to the junction, where recombination in the SCR can
also be impacted. Previous studies have demonstrated increased junction leakage
currents due to Cu precipitate growth initiated in the n-type region and grown into the p-
type region [28, 337]. Additionally, an increased precipitation rate in the p-type bulk
can provide a ‘sink’ which increases the amount of Cu that diffuses from the contact

region surface from that observed in heat treatments performed in the dark.

Although Cu-LID (i.e. the acceleration of Cu precipitate growth due to illumination)
appeared to be occurring in the p-type PERC cells examined in this experiment, there
are other forms of LID that can occur in p-type PERC cells, including BO-LID [103]
and the more recently reported LeTID [106, 142]. From examination of two identically-
processed p-type PERC cells during thermal stability testing at 200 °C under
illumination, it is clear that not every cell experienced the same degree of pFF and Voc

degradation as evident in the comparative graphs shown in Figure 6.11.
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Figure 6.11: Normalised (a) pFF and (b) Voc as a function of thermal treatment duration
at 200 °C under ~ 1 Sun illumination for 2 different p-type PERC solar cells with

identical cell processing conditions.

Since both cells were processed and cleaved from the same 156 mm precursor cell, it
was assumed they would have experienced the same level degradation due to BO-LID
and any potential LeTID. Lim et al. demonstrated that BO-LID is effectively
deactivated under the conditions employed in this experiment (200 °C and ~ 1 Sun
illumination [122]). Consequently, it was considered unlikely that the increased
degradation was due to BO-LID. Also, whilst LeTID is known to occur in both
monocrystalline as well as multi-crystalline PERC cells [149, 150], it would be
expected that both cells would have experienced the same extent of LeTID after
undergoing identical firing conditions as they were processed up until contact formation
and plating on the same 156 mm wafer. Furthermore, Chen et al. recently showed that
LeTID in Cz-Si solar cells can be fully recovered after ~50 hrs of illuminated annealing
at 175 °C [149]. Consequently, it is reasonable to assume that the vastly different
degradation behaviours between these two selected cells must be LID due to Cu
penetration from the plated contacts into the Si, and the differences in degradation due
to local non-uniformities introduced during the patterning and/or plating of the Cu-

contact structures. This will be discussed more in the next section of this chapter.

The same increase in non-ideal recombination behaviour that was discussed in
Section 6.2 can also be seen when comparing the 1-V response of a p-type PERC cell
tested in the dark [see Figure 6.3 (b)] with the same series of 1-V curves for a cell from
an identically-processed batch that had undergone thermal stability testing in the

presence of ~ 1 Sun illumination as presented in Figure 6.12.
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Figure 6.12: Evolution of I-V response for Cu-plated p-type PERC cell with increasing

duration of thermal treatment at 200 °C under ~1-Sun illumination.

The severity of the distortion around the maximum power point of the curve is
significantly greater for the cell tested under illumination, and the accompanying
reduction in Voc is also more severe as seen by the shift in the 1-V curve. This suggested
accelerated growth of Cu precipitates when the p-type cells were illuminated during
thermal treatments resulting in increased non-ideal recombination (i.e., recombination in
the SCR of the junction or associated with precipitates in the bulk demonstrating

injection-dependent recombination properties) and reduced Voc.

As mentioned previously, the high non-ideality of the severely degraded cells in this
experiment rendered the two-diode model highly inaccurate, so information pertaining
to changes in diode saturation currents during stability testing (particularly the Jo1

component) could not be resolved in this experiment.

Another interesting effect of illumination on the thermally-treated p-type PERC cells
was a significant shift in the spectral response of the p-type cell. Figure 6.13 below
compares the EQE curves obtained on selected p-type PERC cells after degradation in

the dark and under illumination.
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Figure 6.13: Comparison of EQE curves for a representative p-type PERC cell after 618
hrs of thermal stability testing in the dark (minimal bulk degradation) and under 1-Sun
illumination (significant bulk degradation). Inset table shows corresponding IV results for
both cells.

Whilst the only observable changes for the p-type cell thermally-treated in the dark
were small reductions in the short wavelength and broadband EQE response (indicative
of increased recombination at the front surface/emitter and bulk, respectively), the
carrier collection efficiency was severely degraded over the entire EQE curve for the
cell that was illuminated during thermal stability testing, corresponding to a Jsc loss of
~3 mA/cm?. This reduction in EQE across the sample reflects the significant decreases
in both pFF and Voc measured for the p-type PERC cells after thermal stability testing
under illumination. Similar results were recently observed by Karas et al. [330], in
which Cu-plated mono BSF and PERC cells experienced degradation in EQE response
across all wavelengths that was attributed to an increase in defect density at the SiNx/Si
interface similar to the results of Sopori et al. [329]. However, the EQE response
observed here contradicts the relatively minimal changes in Jsc observed in I-V
measurements as presented in the inset table in Figure 6.13. It is possible that a
measurement artefact in the tool contributed to this observed discrepancy, although this
was not able to be confirmed. The exact cause of the significant EQE degradation with
illumination still requires further analysis and understanding, but an increased build-up
of Cu defects around the surface/emitter/bulk could all contribute to an overall

degradation in the EQE response.
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Plated cells and modules in the field are likely to experience elevated temperatures in
the presence of illumination, and thus the impact of illumination in accelerating the
formation of Cu precipitates should not be ignored in thermal stability testing of plated
modules. By short-circuiting the solar cell under illumination, it would be possible to
test the proposed role of carrier injection on enhancing precipitation in the p-type cells,
however this was not investigated in this work and could be addressed in future studies.
The results presented in this section raise implications for the thermal stability of plated
cells and modules claimed in previous studies [51, 54, 55], which mostly ignore the
influence of illumination in Cu defect formation, focussing mostly on the diffusion of
Cu through the Ni layer until the concentration of Cu; increases above the threshold for

precipitate nucleation and growth.

6.4 Impact of process variability on long-term stability testing
6.4.1 Introduction

The integral role of process uniformity on Cu-related cell degradation has been
discussed several times throughout this thesis. The results presented in the previous
sections of this chapter also highlight significant variations in degradation rate and
extent of degradation both between different cell batches and within cell batches with
supposedly identical processing conditions. This section more closely examines the
degradation behaviour of cells with identical processing sequences to determine factors
impacting the variability in thermal stability of Cu-plated solar cells. The influence of
laser ablation patterning and Ni plating conditions are discussed in terms of their impact
on the surface condition of the contact area, as well as the impact of such factors on
both the uniformity of the barrier layer employed as well as the kinetics of Cu diffusion

and precipitation during thermal stability testing of Cu-plated cells.
6.4.2 Results and Discussion

To examine the variability in degradation observed throughout the experiments
presented in this chapter, the normalised pFF degradation behaviours of different
batches were examined individually as seen in the separated curves in Figure 6.14

below.
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Figure 6.14: Normalised pFF as a function of thermal treatment duration at 200 °C in the
dark for (a) n-type PERT solar cells from three different batches with identical processing

conditions, and (b) p-type PERC cells from two different batches with identical
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processing conditions.

For the n-type cells examined in this work, there was a significant difference
between the three cell batches processed. Although all three were patterned and plated
with the same optimised process (see Section 6.2.2), Batch 1 degraded significantly
whilst Batch 3 only marginally degraded and Batch 2 remained relatively stable
throughout thermal stability testing. The relative degradation rates of the two p-type
PERC batches processed were also noticeably different [see Figure 6.14 (b)]. The

standard deviations within each cell batch (evident in the error bars for each data set)
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were the result of variations in the degradation rates of different cells within each
individually-processed 156 mm wafer used in the production of the small-area Cu-
plated solar cells examined in this experiment (a full breakdown of individual cell
degradation results from this work can be seen in Appendix D). The use of small cells
cleaved from 156 mm precursor wafers permitted increased sample size and minimised
variance due to previous processing steps. Consequently, any variance that was evident
in the observed results reported in this chapter could be attributed to either the contact

formation (laser ablation and/or plating) or the execution of the thermal treatments.

To identify the possible causes of the variation in degradation rates observed between
different cell batches, indicative contact stack cross-sections for the three n-type PERT
cell batches were examined with FIB and cross-sectional SEM imaging, similar to those
performed in the experiments in Chapter 4. Cross-sectional SEM images from a
representative cell from each batch of identically-processed n-type plated cells are
presented in Figure 6.15. Aside from the layer of diffused Cu above the Ag capping
layer and the voids present between the Cu and Ag layers (as discussed in more detail in
Chapter 4), there are also significant gaps seen in the Ni barrier layer in all three
batches. For the most degraded batch of n-type cells (Batch 1), gaps of 3-4 um were
observed in the Ni layer, whilst breaks in the Ni layer were smaller for the

representative cell from the less degraded n-type batches (< 2 um).

Closer examination of the gaps in the Ni barrier layer suggested that these regions
may be still covered by the ARC (AIOx/SiNx in the case of the n-type PERT cells). In
other words, ablation of the ARC may not have been complete in these regions. As
discussed by Lennon et al. [338], Cu diffusion through SiNx ARCs has not been
extensively studied for plated Si solar cells, and there is some evidence to suggest that
Cu can diffuse through thin SiNx layers deposited by PECVD. Added to this concern is
the possibility that the absorption of ps laser energy may partially-ablate and hence
damage the dielectric, impacting the thickness and barrier properties of any residual
SiNy, resulting in it becoming a possible conduit for diffusing Cu into the underlying
cell. This possibility suggests the incomplete ablation of the ARC may not only impact
adhesion of the plated fingers and busbars of a grid but also provide a path for Cu to

enter the cells. Whilst attempts were made to identify any potential SiNx remaining on
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the surface in regions containing voids, it was extremely difficult to observe such thin

layers with the characterisation techniques available.
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Figure 6.15: Cross-sectional SEM images of plated stack from three different n-type
PERT cell batches with identical processing conditions, (a) Batch 1, (b) Batch 2, and (c)
Batch 3, showing different degrees of Ni barrier non-uniformity (highlighted by red
boxes), along with the corresponding pFF degradation values before imaging.
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However, examination of the Ni barrier uniformity via imaging of representative
cells is not a practical method by which to assess the frequency of such gaps in the
barrier layer. Although the selected regions examined here all presented degrees of
barrier non-uniformity, this may not represent the total uniformity of the plated Ni layer
across the entire contact structure or indeed across the barrier layer in all the cells in the
batch. Interestingly, in Section 4.3 it was shown that diffused Cu was present in the Si
under regions that were uniformly plated with Ni, suggesting that non-uniformity in the
Ni layer may not be the driving force behind the faster degradation rates observed in

some cells and cell batches.

In all batches, at regions where there was a gap in the Ni layer, voids were observed
in the Cu/Si interface (with the presence of residual dielectric also possible, yet
unconfirmed). It was not determined whether the voids were present before or after
thermal stability testing of plated cells, although the presence of a thin interfacial Ni
layer in the cross-sectional image from Batch 3 below suggests that this void developed
during thermal stability testing similar to the voids forming at the Cu/Ag interface.
Extensive Cu diffusion into the Si during thermal stability testing may have resulted in
the formation of voids at regions in which the Cu was directly in contact with the Si or
partially-ablated dielectric. The samples from Figure 6.15 (a) and (c) were examined
using TEM/EDS to try and identify the properties of the Si interface around where these

voids had formed (see Figure 6.16 below).

Figure 6.16: EDS maps of a plated contact from (a) Batch 1 and (b) Batch 3 of the n-type

PERT cells examined in this work.

The non-uniformity in the plated Ni barrier layer is clear in these EDS maps. One of

the primary candidates for the presence of non-uniform Ni plating in these cells was the
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patterning method used to form the contact openings in this study. During ps laser
ablation, although some energy is absorbed by the SiNx dielectric layer directly (SiNy
bandgap ~ 3.5 eV [339]), the high incident photon density results in a significant
fraction of the laser pulse reaching the Si surface where absorption creates a pressurised
liquid-gas layer. The mechanical stress in the dielectric layer, resulting from the
increased vapor pressure due to the rapidly formed gaseous Si, increases until the
dielectric layer breaks down and is removed in a process known as lift-off ablation [340,
341]. Optimisation of ps laser ablation is required to ensure complete ablation of the
SiNx and minimal Si damage. An example of the ablated Si surface of a p-type PERC
cell using the conditions employed in this experimental work can be seen in Figure 6.17

below.

Figure 6.17: An SEM image of the laser-ablated Si surface on a p-type PERC cell after

266 nm ps laser ablation with a laser fluence of 0.44 J/cm?,

The ablated surface was roughened by ps laser ablation, with the surface
characterized by laser-induced periodic surface structures (LIPSS) [342-345]. The
LIPSS form as a consequence of the interaction between the incident laser wave front
and the scattered surface optical wave, and are only observed after dielectric ablation
using short pulse (ps or fs) lasers but not by nanosecond (ns) lasers [346, 347].
Constructive interference between adjacent pyramids on the textured surface results in
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the formation of trenches due to increased absorption and melting of Si. Without
optimisation of the laser ablation settings, the dielectric can sometimes remain on the Si
surface which can contribute to non-uniform Ni barrier formation during plating.
Evidence of remaining dielectric was difficult to observe in the TEM/EDS maps seen in
Figure 6.16. However, future studies on the ablated contact interface after plating may
be improved by employing different analysis techniques with higher sensitivity such as
electron energy loss spectroscopy (EELS). The structure of the LIPSS was also
observed to differ between B-doped and P-doped emitters due to the different
absorption properties of the different ARC structures. As seen in the SEM image from a
laser-ablated Si surface on an n-type cell in Figure 6.18, the LIPSS structure is far less
defined in n-type cells due to increased absorption of 266 nm laser wavelengths in the
B-doped emitter. This was the motivation behind the use of lower laser fluence for laser

patterning of n-type cells (0.3 J/cm? instead of 0.44 J/cm?).

Figure 6.18: SEM image of the laser-ablated Si surface on an n-type PERT cell after 266

nm ps laser ablation with a laser fluence of 0.3 J/cm?.

Due to the fast cooling rate (about 10 °C/s [348]) during resolidification of the
molten Si, a layer of amorphous Si (a-Si) is usually formed at the exposed Si surface as
seen in Figure 6.19. Figure 6.19(a) shows that an a-Si layer of variable thickness up to
58 nm was formed by 266 nm ps laser ablation. The a-Si was observed where the
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ripples were present as seen in Figure 6.17 and Figure 6.18 (identified as the bright
regions of the LIPSS structures in the SEM image). The higher resolution image in
Figure 6.19(b) shows that there is a distorted Si crystal phase with stacking faults under
the a-Si layer that extends 3-4 nm into the crystalline Si. The formation of this a-Si and
distorted crystalline Si surface were expected to contribute to additional recombination
in the plated cells. Not only this, but the laser-induced a-Si and extended defects
induced by ps laser ablation can represent an effective sink reaction for the diffusion of
Cu into the Si substrate, particularly in the case where Cu is directly in contact with the
laser-ablated Si surface. The validity of this hypothesis was recently supported in recent
work by Dang et al. [264, 334], which compared the laser-induced damage of different
laser fluence conditions. It was shown that cells with ‘hard’ laser ablation (referring to
laser fluence > 0.96 J/cm?) resulted in more damage and thus faster pFF degradation
compared to cells that were patterned with ‘soft” laser ablation (laser fluence < 0.72
Jlcm?). Thus, fluctuations in the laser fluence during patterning could have resulted in
non-uniformities in laser-induced defect density, which may be correlated with metal
diffusion into the Si, as observed in the results presented in Section 4.3 as well as the

literature.

Figure 6.19: (a) A TEM image of an exposed Si surface on a p-type SE PERC precursor

after the SiNx ARC had been ablated using a 266 nm ps laser with a laser fluence of 0.3
Jicm?; (b) a higher resolution image showing the distorted crystalline Si (images obtained
by Ning Song, UNSW).
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In order to understand the underlying cause of variability observed in the ablation
efficiency of SiNx using 266 nm ps laser ablation and relate this to the variability in Cu-
related degradation of Cu-plated solar cells, OPAL2 [349] simulations were used to
quantify the difference in the absorption/transmission of the SiNx ARC at a wavelength
of 266 nm. Figure 6.20 shows the simulated percentage of reflection, absorption and
transmission of a SiNy layer with a refractive index of 2.03 as a function of SiNy
thickness for 266 nm laser light. The blue transmission data represents the percentage of

laser energy that is transmitted through the SiNx and penetrates into the Si.
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Figure 6.20: Simulated reflection/absorption/transmission of 266 nm laser energy as a
function of dielectric layer thickness for SiNx with a refractive index of 2.03 (provided
courtesy of Pei-Chieh Hsiao, UNSW [350]).

The transmission of 266 nm laser energy through the SiNy (32.7 + 4.9%) is sensitive
to variations in the SiNx thickness over the range of 65 to 90 nm. For the cells processed
in these experiments, variations of SiNx layer thickness up to £ 6 nm within cells, £ 5
nm between cells and + 3 nm between different batches were observed. This can
therefore result in non-uniform laser ablation across the surface of 156 mm wafers and
hence may have introduced significant variability between different small-area cells as
well as different batches, which may have then contributed to the variable degradation
rates of plated cells during thermal stability testing. However, there are also other
factors that could contribute to potential non-uniform laser ablation, including optical

effects due to non-uniformities in the surface texturing (similar to the effect responsible
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for LIPSS formation), differences in the SiNx refractive index, and also non-uniform
thermal effects as a result of using high intensity ps laser ablation. Furthermore, few
studies have patterned solar cells using 266 nm ps laser ablation, with the 355
wavelength more commonly used for ps laser patterning [229, 231, 339, 346]. Thus,
further work is required to better understand the behaviour of dielectrics under 266 nm
ps laser ablation.

A continuing theme in this thesis is that the reliability/stability metrics that have been
reported for use in the analysis of long-term stability of Cu-plated solar cells is limited
in its ability to identify the specific failure mechanisms responsible for the degradation
of plated modules under different testing conditions by focussing only on electrical
measurements. Accurate assessment of plated cell/module reliability requires an
adequate study of all the possible failure mechanisms that may occur in a module in the
field. Furthermore, the field environment conditions vary significantly which
complicates the list of examinable variables required for accurate reliability analysis. In
the IC industry, mean time to failure (MTTF) [351] is a reliability metric often applied
for reliability studies of Cu-plated interconnects or other non-repairable failures.
Simulations are also used to predict MTTF with the aid of experimental data and failure
statistics. The IC industry also has a firm understanding of the physics of failure (PoF)
indicators involved, for example, in Cu electromigration, which allows for more
targeted technology improvements. However, the PV industry differs in this respect as it
relies mostly on electrical measurements and pass/fail statistics. In order to address the
large fraction of metallisation and interconnection failures, a greater emphasis may need
to be placed on analysing the PoF in Si PV modules, especially to address failures due
to metallisation and interconnection. This will be particularly necessary with the
introduction of new metallisation and interconnection methods which may have failure
mechanisms that are distinctly different from those typically observed for the current

technologies.

6.5 Chapter Summary

In this chapter, the thermal stability of Cu-plated n-type PERT and p-type PERC
solar cells with ps laser patterned contact structures were studied under different

conditions. Employing the thermal stability testing methodology employed by Bartsch

162



Thermal Stability Testing for Plated Solar Cells

et al. [50], plated cells were exposed to 200 °C on a hotplate and the sensitivity of this
technique to thermal treatment duration, doping polarity of the substrate (n-type vs p-

type), illumination and variability in laser ablation/plating conditions were investigated.

Comparing p-type and n-type cell degradation in the dark, it was observed that there
was an overall decrease in pFF and Voc for both cell structures. Whilst n-type cells
experienced significant degradation in both indicators, the p-type cells experienced
mostly pFF degradation, followed by a small reduction in Voc. This was accompanied
by minimal changes in Js, which was confirmed by EQE measurements. The relative
degradation rates of pFF and Voc reflected the diffusion and precipitation mechanism of
Cu as it enters the Si substrate, with expected Cu precipitation around the junction
resulting in an initial decrease in pFF, followed by a noticeable decrease in Voc as the
Cu concentration in the bulk increased. The introduction of Cu precipitates having
injection-dependent recombination behaviour during thermal stability testing was also
raised as a potential explanation for the observed initial degradation in pFF and then
later reduction in Voc in the thermally-treated cells, however the relatively small capture
asymmetry of Cu precipitates suggests this impact may not be as significant as
increasing Cu defect concentration around the solar cell junction. This resulted in a
significant increase in non-ideal recombination observed in the pseudo I-V curves
obtained on degraded cells which precluded the use of a the two-diode model to extract
diode recombination currents for both the p-type and n-type Cu plated solar cells.

With illumination, minimal changes were observed in the degradation rates of the
pFF and Voc of n-type cells. However, a significant increase in the degradation rate of
both the pFF and Voc were evident for p-type plated cells under thermally treated
illumination. Increased light-induced Cu precipitation (Cu-LID) in p-type Si was
identified as the underlying cause of this degradation. Thermal testing under
illumination is more representative of field conditions than stability tests in the dark, the
latter tests allowing introspection of diffusion and accumulation of Cu in the cell or
parts of the cell without regard to any acceleration of precipitate formation that may be
induced by illumination. The results of this study have significant implications for the
assumed stability of Cu-plated solar cells made in previous studies which did not

include the effects of illumination.
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Significant variability in thermal stability both in the dark and under illumination
was observed in plated p-type and n-type solar cells. Cross-sectional FIB/SEM imaging
identified gaps in the Ni barrier layer and accompanying voids between the Cu and Si in
regions with no Ni layer present. It was hypothesised that these voids may have been
induced by extensive diffusion of plated Cu into the Si substrate, potentially through a
partially ablated dielectric layer which prevented the plating of a uniform Ni barrier
layer, leaving behind voids at the interface similar to voids left at the Ag/Cu interface
during Cu diffusion through the capping metal. SiNx ARC ablation with a 266 nm ps
laser resulted in the formation of LIPSS on the exposed Si surface as well as an a-Si
surface layer and underlying distorted crystalline Si region with stacking faults evident.
It was theorised that fluctuations in surface and laser conditions may introduce non-
uniformities in laser ablation and laser-induced defect density. Optical simulations
indicated that SiNx thickness can also contribute to non-uniform laser ablation
efficiency, with the generation of surface defects that cannot be removed during
deglazing prior to plating. This implies that electrical measurements may not be
sufficient to assess the long-term stability of Cu-plated solar cells, with further physics

of failure studies required.
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The aim of this thesis was to investigate the thermal stability of Cu-plated Si solar
cells with a particular focus on cells with Ni/Cu grids plated on openings formed by
selective-ablation of the antireflection coating using a UV ps laser. The thermal stability
and impact of Cu diffusion into and within Si were investigated at both a wafer and a
cell level. At the wafer level, Cu precipitates (which are the most common Cu-related
defect in Si) were characterised by advanced lifetime spectroscopy analysis, which lead
to an improved understanding of the impact of different processing conditions on the
formation and recombination activity of Cu precipitates. At a cell level, Cu diffusion in
plated solar cells was characterised with a combination of electrical and material
techniques. This combined approach enabled a greater understanding of the relationship
between cell degradation and Ni/Cu diffusion into Si to be obtained. It also allowed the

identification of potential weaknesses in the laser-ablation and Ni/Cu LIP process.

In Chapter 3, TIDLS and DPSS analysis of surface-contaminated FZ-Si and ingot-
contaminated FZ-Si containing Cu precipitates identified similar defect energy levels at
E+-Ei = —(0.14-0.16) eV and Et+E; = (0.08-0.11) eV, with corresponding k = 1.4 £ 0.2
and k = 5.6 £ 1.4, respectively. A strong power-law dependence in the capture cross
section (o(T) = g,T~%) was also observed. These parameters are consistent with
previously-determined recombination properties for Cu precipitates in Si, which
introduce a broad band of defect levels in the upper half of the bandgap. Precipitate
model fitting of degraded lifetime curves revealed a higher density of larger precipitates
in the ingot-contaminated FZ-Si (1-3x10'2 cm, rprec = ~219-280 nm) compared with
that of the surface-contaminated FZ-Si (1x10'° cm=, rprec = ~4 nm). The differences in
precipitate size/density and recombination activity were hypothesised to be the result of
different growth rates between the illuminated and ingot-grown precipitation conditions,
with faster precipitate growth rates under illumination resulting in a distribution of

precipitates with smaller radius.

Chapter 4 focussed on the diffusion of Cu through plated Ni diffusion barriers with a

PoF-style approach to characterisation of degradation being applied. Significant Cu
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diffusion through plated Ag capping layers during thermal stability testing at 200 °C in
the dark were observed. This diffusion was manifest as a distortion in the high
illumination intensity region of Suns-Voc measurements. FIB cross-sectional imaging
and EDS/TEM imaging revealed the presence of a 0.5-1.5 um thick layer of diffused Cu
on top of the Ag capping layer and significant void formation between the Cu and Ag
layers. The extent of void formation was demonstrated to be dependent on the
microstructure of the Ag capping layer, with the voids confirmed as the cause of
distortion in Suns-Voc measurements (leading to 5-10% error in the estimated pFF). An
equivalent circuit model was developed to successfully model this distortion, with the
voids represented as a high resistance between the solar cell and measurement probe
that could be removed by collapsing the voids in the contact stack prior to measurement.
Evidence of Cu penetration through non-uniform Ni plating into the underlying Si was
also reported, an observation that highlighted the potential weaknesses of using
polycrystalline plated metals as diffusion barriers for Cu.

Demonstration of LA-ICP-MS as a suitable spatially-resolved analytical technique
for the detection of metal penetration from plated contacts into the underlying Si was
detailed in Chapter 5. A chemical etching procedure consisting of immersion in 40 °C
HNOs followed by HF/HCI was proposed and shown to successfully expose the
underlying Si surface and minimise interference from plated metals on the surface
during LA-ICP-MS measurements. The ablation behaviour of Si during ns-LA-ICP-MS
experiments identified several limitations when applying this technique to the analysis
of near-surface and bulk impurity concentrations. It was shown that laser fluence, scan
speed and carrier gas flow/composition can impact the size of ablated particles and the
subsequent accuracy of LA-ICP-MS measurements. However, quantitative LA-ICP-MS
measurements of plated solar cells after thermal stability testing showed an increase in
both Ni and Cu concentration with increasing thermal treatment duration. Thus, the
technique was demonstrated as a useful tool for the improved understanding of metal
diffusion paths at metal-semiconductor interfaces and deconstructing potential failure

mechanisms in plated Si solar cells.

Chapter 6 brought together the observations and learning from the previous chapters
and presented a detailed electrical analysis of plated n-type PERT and p-type PERC
cells during thermal stability testing. It was observed that both the n-type and p-type
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cells experienced pFF degradation initially, followed by a later reduction in Voc during
thermal stability testing in the dark, with the rate of degradation being greater for the n-
type cells. It was concluded that such behaviour may be indicative of an increasing
concentration of Cu SRH recombination centres during thermal stress testing, impacting
both pFF and Voc at different rates as the concentration of precipitates increases around
the solar cell junction and bulk. With illumination, which is more representative of field
conditions than stability tests in the dark, minimal changes were observed in the
degradation rates of the pFF and Voc of n-type cells. However, a significant increase in
the degradation rate and extent of both the pFF and Voc degradation were evident for p-
type plated cells as a result of Cu-LID. Cross-sectional FIB/SEM and TEM/EDS
imaging identified gaps in the Ni barrier layer and accompanying voids between the Cu
and Si in regions with no Ni layer present. Partial ablation of dielectrics and laser-
induced defects which introduce stacking faults at the Si surface were both hypothesised
to accelerate penetration of Cu into the Si substrate. Variations in the thickness of the
dielectric and laser ablation conditions were assessed to be potential factors affecting
the density of laser-induced defects and partially-ablated dielectric regions which may
not be removed during pre-treatment before Ni plating, thus impacting the uniformity of
the plated layer and subsequent barrier effectiveness.

7.1 Original Contributions

The original contributions arising from the work presented in this thesis are

summarised below:

1) Characterisation of defect parameters for Cu precipitates formed under
illumination compared to during ingot crystallisation in the dark using TIDLS

and DPSS analysis.

2) Comparison of Cu precipitate size and density formed under different processing
conditions with the application of a Schottky-based precipitate model for metallic

precipitates in Si.

3) Detailed analysis of Cu diffusion through Ag capping metals during thermal
stability testing, demonstrating a difference in Cu diffusion behaviour between

different Ag capping methodologies based on layer microstructure.
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4) Equivalent circuit modelling to characterise the distortion in Suns-Voc data due
to void formation in plated contact stacks arising from thermal stability testing.

5) Use of LA-ICP-MS for analysis of Ni/Cu diffusion in plated solar cells during
thermal stability testing, including characterisation of surface preparation

methodologies and optimisation of laser ablation conditions.

6) Demonstration of relationship between thermal stability testing duration and
Ni/Cu concentration in Si substrate underneath plated contacts, as well as
correlations between metal concentration and Voc degradation in plated solar

cells.

7) Detailed comparison of degradation behaviour between n-type PERT and p-type
PERC solar cells during thermal stability testing, both in the dark and under
illumination, highlighting different Cu-related degradation behaviours between

different cells structures.

8) Identification of non-uniform laser ablation and Ni barrier plating as the most

likely causes for the variable thermal stability of Cu-plated Si solar cells.

7.2 Future Work and Outlook

The work presented in this thesis has not only highlighted several potential
weaknesses in the use of laser-ablation patterning and plating for contact formation, but
also limitations in previously-reported methods for evaluating the long-term stability of
plated contacts for Si solar cells. It highlights the need for further research to evaluate
the efficiency potential and durability of Cu plating as an alternative metallisation

scheme for future Si PV modules.

Firstly, the characterisation of Cu precipitates in Si is still very much in its infancy.
Although several studies of Cu precipitates have been discussed in previous chapters,
the variable nature of Cu precipitate formation and growth conditions has significant
implications on not only the size and density of such precipitates, but also the
recombination activity associated with them. Application of advanced lifetime
spectroscopy techniques in future work can assess the impact of precipitation conditions
in much more detail. Various factors should be examined, such as the influence of

illumination intensity, temperature, base doping and cooling rate on the recombination
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activity of Cu precipitates in Si. The use of adequate control samples would also aid to
improve the accuracy of extracted parameters. In conjunction with this, confirmation of
precipitate parameters with microscopic imaging techniques would strengthen the

conclusions drawn from a TIDLS analysis.

This study also highlighted the role of variable Ni barrier uniformity as the
underlying cause of the variable thermal stability of Cu-plated cells. It was hypothesised
that partially-ablated dielectric layers can result in variable Ni plating and subsequent
Cu diffusion into Si through thin residues of dielectric. Although this could not be
confirmed in this thesis project, the impact of partial dielectric ablation on Cu diffusion
could be more thoroughly investigated with TEM/EDS imaging, as well as other
techniques such as EELS and LA-ICP-MS. As already mentioned, the accelerated aging
methodology first reported by Bartsch et al. [50] does not provide information about the
physical and chemical failure mechanisms behind poor thermal-stability of plated solar
cells. Thus, a shift to more PoF-style characterisation methodologies incorporating both
electrical and material analytical techniques would provide more direction in the
development of durable plated contacts for industrial-scale Si solar modules.

The variability in cell degradation with thermal testing observed in this project limits
some of the conclusions that can be drawn from the results presented. Comparison of
degradation with cells ablated with other lasers (e.g., a 355 nm ps laser) may help
clarify the reasons for the variability and strengthen some of the conclusions from this
study. It would also allow for improved Arrhenius analysis, with actual cell lifetimes
extrapolated to assess the resilience of different plated cell structures to Cu in-diffusion
and degradation. However, the variability identified in the thermal degradation
experiments also serves to highlight the important contribution of controlled processing
conditions (laser ablation and plating) for durable cells with reproducible thermal

degradation properties.

Finally, it has been shown that polycrystalline plated metals are not ideal diffusion
barriers for Cu in plated solar cells, thus future work should also investigate new
diffusion barriers. It may be prudent to shift from using polycrystalline barrier materials
to more amorphous materials such as plated alloys. For example, LIP plated alloys such
as NiCo have recently been demonstrated as a more effective diffusion barrier than pure

Ni [235]. Aforementioned analytical techniques could also be used in future studies to
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assess potential metal alloys for suitability as a replacement for pure Ni as a Cu
diffusion barrier in the next evolution of Cu-plated solar cells.
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Appendix A Calibration Procedure for TIDLS
Measurements

In order to obtain accurate temperature-dependent lifetime curves as presented in
Chapter 3, raw QSS-PC measurements must be calibrated for temperature and
generation rate to obtain an accurate representation of the temperature and injection-
dependent lifetime. To calibrate the temperature, a Si sample of equivalent thickness to
the measurement Si wafer was placed on the temperature-controlled measurement stage
with a thermocouple attached to the wafer surface to monitor sample temperature
directly. The correlation between the Si wafer temperature and the set temperature of
the measurement stage (for the samples examined in this thesis) can be seen in Figure
Al

250 T T T T T T

Tsample 1
200 } — — — Linear Fit (y =0.92*x + 2.52) 4

oo . ; . | . |
-100 -50 0 50 100 150 200 250

Tset (oc)

Figure A.l: Relationship between set temperature (Ts.:) and sample temperature

(Tsampie) during TIDLS measurements performed in Chapter 3.

The generation rate and thus lifetime of the Si samples examined in this work was
calibrated using a self-consistent calibration procedure as presented in Figure A.2 [352,
353]. Injection-dependent lifetime was obtained using both a Sinton Instruments flash

lamp and an 870 nm LED source to obtain as wide injection range as possible. The
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reflectance of each sample at the LED wavelength was measured using an integrating
sphere in a Lambda 1050 Spectrophotometer from Perkin Elmer. This was used to
calibrate the LED/transient measurements. The corresponding QSS flash measurements

were subsequently matched to the LED measurements by altering the scaling factor, Fs.

Whilst the procedure described below includes a calibration procedure to match PL

and PC measurements, the PL signal was not examined in this work as it provided no

extra information that was not obtained with PC measurements.

Figure A.2: Self-consistent calibration procedure for QSS-PC measurements as

performed in Chapter 3.

Transient QSS-PC Transient QSS-PC
PC (Flash) (Flash) PC (LED) (LED)
Fs (Flash) Fs (LED)
QSS-PL QSS-PC QSS-PC QSS-PL
(Flash) (Flash) (LED) (LED)
Doping >
\
A; (Flash) A; (LED)
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Appendix B Calculation of Laser Fluence

In this thesis, laser power delivered to the Si substrate during ablation patterning or
sampling is often described in terms of “laser fluence”. Laser fluence is defined as the
energy delivered per unit area of a laser pulse. For the lasers utilised in this work (both
in laser ablation patterning and LA-ICP-MS measurements), energy is delivered to the
surface according to a Gaussian beam-shape (see Figure B.1) which results in a non-
uniform energy distribution across the laser spot, which is determined by the aperture

employed in the laser system (with power reducing to 1/e2 near the edges).

Figure B.1: Example of a Gaussian beam profile.

In general, laser fluence can be determined by the expression:

I
laser fluence (J.cm™2) = (B.1)
Aspot

where [ is the laser power and A, is the spot size of the laser. Due to the Gaussian

profile of the laser, non-uniformity in energy density across the laser spot had to be

accounted for during laser ablation patterning and LA-ICP-MS measurements.
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Appendix D Complete thermal stability
results for Cu-plated solar cells

Table D.1: Summary of individual cell results for Cu-plated n-PERT solar cells before
and after 500 hrs of thermal exposure at 200 °C in the dark.

Voc (MV) | Jsc (MA/cm?) | FF (%) pFF (%) 7 (%)
Thgﬂg;ﬁfg‘mt 0 50| 0 500 | 0 50| 0 500| 0 500
Cell1 (669 436 | 423 212 |76.7 95.1|80.8 49.6|21.7 88
Cell2 | 667 584 | 424 418 |76.6 47.4|81.0 479|217 116
Cell3 | 670 633 | 425 418 |76.0 57.7|80.3 57.7|21.6 153
Batch 1 Cell4 | 670 419 | 424 419 |76.3 48.4|80.7 505|217 85
Cell5 | 668 399 | 423 41.8 |76.8 48.7|80.7 509|217 8.1
Cell6 |669 515 423 419 |76.6 46.8|80.6 487|217 10.1
Average 669 498 | 424 384 | 765 57.4|80.7 509|217 104
Standard Deviation 1 96 | 01 84 | 03 189| 02 35| 00 27
Cell1 |670 658 | 423 417 | 775 78.2|80.2 815|220 215
Cell2 | 669 658 | 424 418 |77.6 77.4|80.3 818|220 213
Cell3 [ 670 659 | 420 419 (784 77.1|81.2 819|221 213
Batch 2 Cell4 | 670 661 | 419 420 (784 786|813 821|220 218
Cell5 | 670 657 | 420 419 (779 758|812 822|219 208
Cell6 | 670 660 | 420 419 |78.6 758|814 825|221 209
Average 670 659 | 421 419 | 781 77.2|809 820|220 213
Standard Deviation 0 1 0.2 01 |05 12|05 03|01 04
Cell1 |666 661 | 416 418 |77.0 76.3|80.9 79.8|214 21.1
Cell2 | 667 661 | 41.7 419 |76.8 753 |80.7 786|214 209
Cell3 | 667 661 | 41.8 419 |77.0 726|809 802|215 201
Batch 3 Cell4 | 667 660 | 41.7 418 |76.7 719|809 782|213 19.8
Cell5 | 666 655| 415 418 |76.8 67.9|80.6 689|212 18.6
Cell6 | 665 644 | 41.7 419 |765 60.8|80.8 605|212 164
Average 666 657 | 41.7 419 |76.8 708|808 744|213 195
Standard Deviation 1 7 0.1 01 |02 57|01 80|01 18
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Table D.2: Summary of individual cell results for Cu-plated n-PERT solar cells before

and after 500 hrs of thermal exposure at 200 °C under 1 Sun illumination.

ooy | ademy | FEO®) | BFFO8) | 1(0)
Thermal Treatment | 5 505 | g 500 | 0 500| 0 50| 0 500
Duration (hrs)

Cell 1 669 414 | 418 417 | 764 520|804 535|214 90

Cell 2 669 415|419 417 |76.2 489 |80.7 51.7|214 85

Cell 3 671 559 | 424 416 |76.3 49.2|804 499|217 115

Batch 1 Cell 4 669 506 | 424 416 | 765 475|805 48.8|21.7 10.0
Cell 5 670 548 | 424 418 | 761 493|804 50.8|21.6 11.3

Cell 6 668 565 | 423 416|769 504|808 513|217 119

Average 669 501 | 422 41.7 | 764 496|805 510|216 104
Standard Deviation 1 70|03 0103 15|02 16 |01 14
Cell 1 669 656 | 41.9 416 | 781 750|809 822|219 205

Cell 2 671 657 | 420 418 |784 77.7|815 824|221 213

Cell 3 669 656 | 41.8 416|783 758|812 823|219 20.7

Batch 2 Cell 4 670 656 | 41.8 415|786 79.1|815 825|220 215
Cell 5 670 656 | 419 414|782 77.7|814 825|219 211

Cell 6 669 657 | 41.8 415|785 78.2|811 822|219 213

Average 670 656 | 41.9 416 | 784 773|813 824|220 211
Standard Deviation 1 1 01 01 02 15|02 01|01 04
Cell 1 666 654 | 41.6 416|769 74.2|80.7 76.6|21.3 20.2

Cell 2 666 655 | 41.7 416|770 753|810 789|214 205

Cell 3 665 652 | 41.7 417 | 769 729 |80.9 75.0|21.3 198

Batch 3 Cell 4 666 655 | 41.6 417 |77.2 765|811 799|214 209
Cell 5 666 592 | 41.7 41.7 |76.6 50.8|80.6 50.8|21.3 125

Cell 6 666 653 | 41.7 417 |76.7 745|806 779|213 20.3

Average 666 644 | 41.7 41.7 |76.9 70.7|80.8 732|213 19.0
Standard Deviation 0O 25|01 01|02 98|02 11101 32
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Table D.3: Summary of individual cell results for Cu-plated p-type PERC solar cells

before and after 500 hrs of thermal exposure at 200 °C in the dark.

Voc (MV) | Jsc (MA/cm?) | FF (%) pFF (%) n (%)

Thermal Treatment | 505 | o 500 | 0 50| 0 500| 0 500
Duration (hrs)

Cell1 |[646 641 | 38.8 399 |742 731|797 79.2|18.6 18.7
Batch 1 Cell2 | 648 648 | 39.7 408 | 740 724|79.1 80.6|19.0 19.1
Cell3 | 649 627 | 39.7 408 |73.9 505|79.8 527|19.0 129
Average 648 639 | 394 405 | 740 653|795 708|189 16.9
Standard Deviation 2 11| 05 05 | 02 129| 04 157| 02 35
Cell1 643 464 | 395 40.6 | 758 420|798 478|192 7.9
Batch 2 Cell2 |[641 392 | 393 40.3 | 759 457 |79.7 478|191 7.2
Cell3 | 640 626 | 395 40.3 |75.3 63.0|79.3 63.0]19.0 15.9
Average 641 494 | 394 404 | 75.7 50.2|79.6 529 |19.1 10.3
Standard Deviation 2 120| 0.1 02 | 03 112| 03 88 | 01 438

Table D.4: Summary of individual cell results for Cu-plated p-type PERC solar cells

before and after 500 hrs of thermal exposure at 200 °C under 1 Sun illumination.

Voc (MV) | Jsc (MA/cm?) | FF (%) pFF (%) n (%)
Thermal Treatment | 559 | o 500 | 0 500| 0 500| 0 500
Duration (hrs)
Cell1 | 647 547 | 395 405 |723 391|797 779|185 87
Batch 1 Cell2 | 647 639 | 39.1 401 | 741 725|800 49.0|18.8 18.6
Cell3 | 647 - 38.9 - 741 - 801 - 18.7 -
Average 647 593 | 39.2 403 | 735 558|799 635|187 13.7
Standard Deviation 0 65 | 0.3 03 | 1.0 236| 02 204| 02 70
Cell 1 639 256 | 39.6 39.9 | 752 442|797 477|190 45
Batch 2 Cell2 | 642 236 | 394 399 | 764 444|809 491|193 42
Cell3 | 644 240 | 395 400 | 758 452|803 491|193 43
Average 642 244 | 395 399 | 758 446|803 486|192 43
Standard Deviation 3 11 | 01 01 |06 05|06 08|02 02
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