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Abstract

Solar energy is vital to combatting climate change. However, not all incident photons
can transmit into a typical solar cell for electricity generation, a portion of the photons are
lost to front surface reflectance. By changing the front surface texture of typical solar cells
from microscale to nanoscale, the solar cell front surface reflectance (at wavelengths of
interest), can be reduced to almost 0%. Such a change would increase the number of
photons available in the solar cell for electricity generation. Despite the excellent optical
properties nano-textures can offer, all current industrially relevant nanoscale texturing
methods have drawbacks that prevent them from gaining a significant market share. This
thesis explores texturing in the gas-phase to overcome the drawbacks of other nanoscale
texturing techniques, whilst still providing exceptional optical properties to improve solar cell
efficiency.

Texturing Si in the gas-phase using ozone and hydrofluoric acid vapours at atmospheric
pressure and low temperature was investigated. The premise of the texturing mechanism
was to use the increased activity of ozone to oxidise the Si surface, at significantly lower
temperatures than for O, oxidation, then etch the oxide away using HF vapour, causing an
ultra-low reflectance surface texture to form. A texturing tool was designed, built, and
refined to study gas-phase texturing in this project. With this new tool, texturing
reproducibility and uniformity were found to be dependent upon the surface chemistry of
the Si wafers. By intentionally changing the surface chemistry via a precursor containing
colloidal silica and IPA, reproducible and uniform texturing could be performed on sample
sizes up to full-sized industrial Si wafers, with an average reflectance as low as 1.8% + 0.2%
in 2 mins texturing. The mechanism behind the precursor was attributed to the Na* counter-
ions present in the colloidal silica and a full texturing mechanism was proposed for the first
time, accounting for the different morphologies gas-phase texturing could produce. Upon

implementing gas-phase textured Si into a solar cell for the first time, a median cell



efficiency of 17.24% was achieved, without any optimisation of the solar cell fabrication

methods for the nano-texture.
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1 Introduction

1.1 Climate Change & Renewable Energy

In the 1800s humanity unlocked a new energy resource, fossil fuels. Figure 1.1 shows
the rapid uptake in fossil fuel consumption as an energy resource since its first use in 1800.
However, harvesting energy from fossil fuels had a deleterious effect. The gases released
during fossil fuel energy production retain infrared radiation in the atmosphere. Such gases
are known as greenhouse gases. The increased volumes of greenhouse gases released
from burning fossil fuels enable the retention of infrared radiation, causing global
temperatures to rise. Figure 1.2 shows the increase in global temperature since 1965,
corresponding to the increased energy consumption of fossil fuels from 1965 onwards, as
demonstrated in Figure 1.1. Changing the global temperature has dire consequences for
both the planet and its inhabitants. With raised global temperature comes the increased
frequency of droughts, wildfires, tropical cyclones, heavy precipitation, and sea levels rising,
which has resulted in damage to ecosystems, settlements, infrastructure, loss of life and
even species extinctions [1]. For humanity and all other ecosystems on the planet to survive,
the increase in global temperature must be abated now. This requires the global absolute

temperature to not exceed a 1.5 °C increase above average pre-industrial temperatures [1].
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Figure 1.1 Global energy consumption of fossil fuels since 1800, using data from V. Smil [2], and BP [3],
graph produced by Our World in Data [4].
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Figure 1.2 Monthly global temperature deviation from the mean temperature of 1951-1980, using data from
the GISTEMP Team [5] graph produced by Our World in Data [6].

To reduce fossil fuel consumption, the energy market must transition towards energy
sources that produce little to no greenhouse gases during energy generation. Such energy
production methods are known as renewable energy sources, where electricity is extracted
from sources such as wind, solar, hydropower, or geothermal power. To become
economically viable in replacing fossil fuels, renewable energy sources must achieve grid
parity, which is defined as energy generation with an equal or lower levelized cost of
electricity (LCOE) than current electricity sources. Figure 1.3 presents the LCOE for utility-

scale renewable energy sources between 2010 and 2020 against the cost range of fossil



fuels [7]. All renewable technologies in 2020 in Figure 1.3 are equal to or cheaper than
fossil fuels. Therefore, transitioning to renewable energy sources can be financially

competitive while preventing global temperatures from rising further.
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Figure 1.3 Levelized Cost of Electricity (LCOE) of renewable energy sources between 2010 and 2020 against
fossil fuels. The fossil fuel cost range is shown by the horizontal grey band that spans across the seven
renewable energy source graphs. Graph produced by IRENA [7].

1.2 Solar Power and Silicon Photovoltaics

Out of all renewables, solar photovoltaics (solar-PV) has made the most aggressive
transition to becoming a feasible energy source that can replace fossil fuels. LCOE for solar-
PV reduced by 0.324 USD/kWh in 10 years, from 0.381 USD/kWh to 0.057 USD/kWh, a
reduction of 85% [7]. The second largest reduction outside of solar-PV came from wind of
0.078 USD/kWh, from 0.162 USD/kWh to 0.084 USD/kWh (a 48% reduction), and in the
case of geothermal, and hydropower LCOE increased [7]. The sharp decrease in LCOE for
solar-PV was caused by a virtuous cycle. The first event of the cycle was the use of solar
panels to power the Vanguard | satellite in 1958 [8]. Solar panels continued to find their use
for space-based applications and thus the demand for solar panels increased. The
continued and increased demand for solar cells allowed manufacturers to refine production

techniques, therefore allowing solar panel prices to decrease from the expensive panels
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originally used for the Vanguard I. At lower prices, solar-PV became competitive in new
markets. To meet market demand, solar-PV underwent price reductions and thus continued
the cycle once again. Figure 1.4 presents the relationship between price reduction and
increased production, where the trend line is known as the learning curve. The learning
curve for solar-PV shows that as installations increased exponentially, solar module prices
decreased exponentially. Between 1976 and 2021, when total installed capacity doubled,
solar module prices dropped 24.1% [9], known as the ‘learning rate’. However, the modern-
day learning rate is even higher. Considering the start of mass production of solar-PV in
2006, the learning rate was 39.5% in 2021 [9]. This strong learning curve has led to solar-
PV becoming a significant component of the energy transition [7], [10]. Figure 1.5 presents
the energy mix required to deliver less than 1.5 °C global warming by 2050, where Solar-
PV is predicted to provide approximately a third of energy generation with 14 TW of installed
capacity, almost half of all renewable energy capacity in 2050 [7]. However, the
International Technology Roadmap for solar-PV (ITRPV) has consistently predicted since

2018 this may become as large as 60 TW [9], [11]-[13].
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Figure 1.4 PV learning curve of average module price against the number of installations, graph produced
by ITRPV [9]. Average learning rates of 24.1% are presented for 1976 — 2021, and 39.5% for 2006 — 2021.
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Figure 1.5 The composition and evolution of the energy market from 2018 to achieve no more than 1.5 °C
global warming by 2050, demonstrating solar-PV will be a significant portion of the market to prevent
irreversible global warming. RE stands for renewable energy, and VRE stands for variable renewable energy
sources such as wind and solar. Graph produced by IRENA [7].

Solar-PV provides additional benefits beyond clean energy production. Firstly, solar-PV
employs the most people out of any renewable energy source, with almost 4 million jobs in
2018 [10], [14] and another 15.1 million by 2050 [10]. Secondly, not only is solar-PV socio-
economically supportive but it also bolsters ecosystems. The shading from solar panels has
been shown to support declining pollinator species by extending local flowering seasons
[15]. Finally, solar-PV, and renewables in general, increase the quality of health and reduce
loss of life by minimising air pollution [16]-[18].

While solar-PV provides many benefits, there are also drawbacks. To achieve the
installation goal of 2050, the electricity requirement for PV manufacture is of the order of
360 — 380 kWh/kg, resulting in 16.4 — 58.8 Gt of CO2 emissions by 2050 [19]. This is one
of the greatest environmental impacts from the production of any renewable energy source.
However, it is still considerably less than using non-renewable sources. For large-scale
production, it was estimated that solar-PV generated approximately 19 times fewer

emissions with global warming potential than fossil fuels [20]. Considering the 2050 target



of 60 TW of solar-PV installed, the production of solar-PV, instead of fossil fuel energy
sources, would save 15 — 17% of the global carbon budget for 2050, equivalent to 71 — 89
Gt CO: [21]. In addition, solar-PV emission production can be reduced further as the PV
production emission intensity varies on the energy source used by the country it was
manufactured in. Total emissions to produce the dominant Si solar cell technology on the
solar-PV market, using coal as the predominant energy source, such as is commonly
practised in China, is 360 — 680 kg CO./Si wafer [21]. Countries that have established
hydropower as a significant energy source have demonstrated emission intensity can be
reduced to levels of the order of 246 — 304 kg CO./Si wafer [21]. Furthermore,
environmental impact can be additionally minimised by methods such as using more
efficient solar cells, using less Si per cell, reducing the Si lost during wafer cutting, and
using non-traditional Si-purification methods that emit less CO2 [19]. While the emission of
greenhouse gases during solar-PV production is undesirable, it is a dramatic reduction in
comparison to the emissions produced from fossil fuel sources and has the potential to be
reduced further.

The secondary concern regarding TW production of solar PV is the disposal of panels
at the end of their life. By 2050, cumulative solar PV panel waste is predicted to reach 60 -
78 million tons [22], where the lack of well-defined regulations around solar PV disposal
and the current costly recycling processes result in the majority of solar-PV being disposed
of via landfill [23]—-[26]. Landfilled solar-PV has been shown to be damaging to water, soil,
and air as toxic substances leach into the surrounding environment as well as the
atmosphere [23], [27]. To prevent solar-PV from causing environmental damage after use,
further research must be performed so that informed regulations can be made regarding
safe panel disposal. M. Lunardi et al. [28] noted that the majority of published research on
recycling solar-PV focussed on laboratory-scale techniques, which resulted in high-energy,
costly recycling processes. But when studies considered recycling at the industrial scale,
lower energy consumption was achieved, causing a smaller environmental impact and at
cheaper cost. While research has previously been limited on the recycling of solar-PV, the
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rapid scaling of solar-PV to TW production has prompted an increase in research so that
contributions to global warming are minimised or avoided whilst meeting the 2050 solar-PV
deployment targets [21], [23], [24], [28], [29].

For solar-PV to continue following the learning curve and maintain its competitive status
as an energy source, the cost per watt must continue to decrease. This can be achieved by
two methods. Firstly, manufacturing costs can continue to reduce, making each cell
cheaper for the same power output. Secondly, cell efficiency can be increased, elevating
power output for the same manufacturing cost [9]. Thus, continuing research into solar-PV

is vital to aid in the fight against climate change.
1.3 Silicon Solar Cells

Solar-PV is dominated by crystalline silicon (c-Si) solar cells, accounting for 95% of the
solar-PV market. Within the c-Si market share, the passivated emitter and rear cell (PERC)
has a market majority with an ~85% share [9], [30]. The operating principles and efficiency

losses in PERCs are discussed next.
1.3.1 Operating Principles

Solar cells generate electricity by the Photovoltaic effect, where photons from incident
sunlight are converted into electricity. Semiconductors are uniquely placed to convert
photons of sunlight into electricity due to their electronic structure; valence and conduction
bands are separated in energy with a band gap in between, caused by energy states that
electrons cannot occupy. In the case of Si, this bandgap can be traversed by carriers when
photons of energy >1.12 eV are absorbed into the bulk. An absorbed photon causes an
electron to be promoted from the valance band to the conduction band, also generating a
hole in the valence band. This mobile electron-hole pair can then be extracted into an
external circuit to generate electrical energy.

Si is well placed for electron-hole generation from sunlight. Figure 1.6 showcases solar
radiation on the Earth’s surface as a function of photon wavelength, known as the AM1.5G

spectrum. All photons with wavelengths less than 1100 nm (equivalent to 1.12 eV) can
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induce electron-hole generation in Si, which is most of the solar spectrum that reaches the

Earth’s surface. Thus, Si is an ideal material to fabricate solar cells from.
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Figure 1.6 Global spectrum of photon irradiance on the Earth's surface as a function of photon wavelength,
using data from C. Honsberg et al. [17]. Troughs in the spectrum are attributed to the absorption of species
in Earth’s atmosphere such as O3, H20, O2, and C.
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To extract the generated carriers into an external electrical circuit they must remain
separated. In a PERC this is achieved by a p-n junction. Figure 1.7 presents the architecture
of a PERC. The cell base consists of p-type Si, and an n-type emitter layer is formed on
top, where minority carriers are electrons in the base, and holes in the emitter. The p-n
junction causes the valence and conduction bands to bend, inducing a local electric field
that sweeps minority carriers across the junction to the opposite side. Once across the
junction, minority carriers become majority carriers and any loss of charge is reduced in
each layer because of the limiting number of minority carriers available. Mobile carriers are

then extracted by their respective contacts.
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Figure 1.7 Schematic of PERC architecture. Electricity generation is depicted by a photon in yellow entering
the cell, generating an electron-hole pair (the electron is black with a *-‘ sign and the hole white with a ‘+’
sign), and separation of the pair for harvest at their respective contacts. Different cell components are
coloured differently to distinguish them from one another: the contacts are dark grey, the anti-reflection
coating (ARC) blue, the front-side n* emitter green, the p-type Si base grey, the rear-side passivation yellow,
and the rear-side p* doping next to the contacts is red.

Several metrics are used to measure the quality of solar cells. Carrier recombination
current (Jo) measures the flow of carriers recombining per unit area. Short circuit current
density (Jsc) is the maximum current density, and thus the maximum number of carriers that
can be generated from the solar cell. It is predominately affected by optical properties. Open
circuit voltage (Voc) is the maximum voltage that can be drawn from the cell and is
dependent on Jo, thus is a measure of carrier recombination and material quality. Efficiency
(n) is the ratio of a cell’s output power to the input power from the sun and is dependent on
Jse, Voc, and fill factor (FF). FF is the ratio of the power drawn from the solar cell to the
maximum possible power the cell can generate. Equation ( 1.1 ) describes FF, where Pmp
is the maximum power from the cell, Vmp and Imp are the voltage and current respectively at
the maximum power point, Vo iS open circuit voltage, and I is the short circuit current.

FF = Pyp  Vup XIyp (1.1)
Voc X Is¢c  Voc X Isc

Fill factor (FF) is comprised of pseudo-fill factor (pFF), series resistance (Rs), and shunt
resistance (Rshunt). Rs describes the losses in FF caused by the resistance carriers

experience when traversing the intended route through the solar cell for extraction into the



external circuit, such as the resistance encountered at the metallic contacts. Rs is aimed to
be minimised, ideally zero, to maximise FF and thus cell efficiency. Rshunt describes losses
due to low resistance paths that carriers were not intended to take by the design of the solar
cell, and therefore do not get extracted into the external circuit. Thus, Rsnhunt is aimed to be
maximised, ideally infinity, to limit carriers to paths that result in extraction from the solar
cell. Rshunt is typically very large in industrial cells, thus FF is typically considered to comprise
of Rs and pFF. pFF is FF without the effect of resistive losses (Rs and Rsnunt) and therefore
represents the upper limit of FF for a solar cell. This limit is governed by recombination, as
pFF has been empirically shown to depend upon V., which in turn is dependent on the
recombination current (lo) [31]. Figure 1.8 shows a typical IV curve, where the values used
to calculate FF in equation ( 1.1 ) are marked, as well as the effect of Rs and Rshunt losses

on the IV curve.
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Figure 1.8 An IV curve for a solar cell, demonstrating the point that is used in FF calculations as well as how
losses due to shunt and series resistance effect the IV curve. Data obtained from pv-education.org [32].

Table 1.1 shows a summary of typical parameters for a 180 um thick, p-type,

monocrystalline-Si (mono-Si) PERC manufactured by Longi [33].

Table 1.1 Solar cell parameters of a typical PERC manufactured by Longi [33].

Jsc (MA/cm?) Voc (MV) n (%) FF (%)
40.28 687 22.50 80.89
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1.3.2 Efficiency Losses

1.3.2.1 Reflection

Before light can enter the bulk of a material, it must first interact with the sharp
discontinuity of the surface interface. The light interaction at an interface has the same
nature as within the material bulk, where light is scattered in all directions upon interacting
with the media. For the example of a uniform medium in a vacuum, there are only molecules
on one side of the interface. This lack of molecules prevents the backwardly scattered wave
produced at the medium surface from being destroyed by destructive interference [34]. This
backwardly scattered, uncancelled wave is known as reflection. When the medium is not in
a vacuum, some cancellation of the backwardly scattered wave can occur, but it is
incomplete due to the change in the molecular arrangement between the two sides of the
interface. The uniformity of reflected light is dependent on the shape of the interface. For
flat interfaces, the reflected waves propergate in one direction, known as specular reflection.
However, if the surface is rough then the waves will be reflected in many directions, causing
diffuse reflection. Figure 1.9 depicts specular and diffuse reflectance.

a)

b)

Figure 1.9 a) specular reflection b) diffuse reflection.

Figure 1.10 shows the reflection of a flat Si surface as a function of incident light
wavelength. Two distinct peaks are present, one at 280 nm (4.5 eV) and another at 360 nm

(3.4 eV), known as E; and E; respectively [31]. A typical explanation for peaks in reflectance
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spectra would be low absorption. A common example of this phenomenon is plants having
a low absorption of green light, thus resulting in a high reflectance at such wavelengths and
therefore appearing green. However, Si is strongly absorbing short wavelengths. Figure
1.11 demonstrates the absorption coefficient of Si is greater than 10° cm™ for wavelengths
less than 350 nm, thereafter the absorption coefficient continually decreases with
increasing wavelength [31]. The large absorption coefficient at shorter wavelengths is
caused by the photons possessing sufficient energy to facilitate both direct and indirect
transitions between the bands, as opposed to only the indirect transitions at longer
wavelengths. The transition rate between bands for direct absorption is much larger than
indirect transitions [35], resulting in high absorption at short wavelengths. The origin of the
E: and E; peaks appearing in both the reflectance and absorption spectra is caused by
critical points in energy-momentum (E-k) space [31]. A critical point is defined as a point in
E-k space where the gradient of the valence and conduction band is the same [31]. When
the two bands have the same gradient, and are approximately parallel to one another, it
allows carriers to undergo direct transitions at a single photon energy but for multiple k
values. Thus, the number of transitions between the energy bands at critical points
increases, in turn increasing absorption at such points [35]. In Si, there is a large number
of critical points where the transition between the bands is 3.4 eV and 4.5 eV, the energy
of peak E1 and E- peak respectively [31]. Whilst this explains the peaks in the absorption
spectra it is perhaps counterintuitive for the peaks that appear at the corresponding
energies in the reflectance spectra. As there is an increase in the different types of
transitions that can occur at the critical point energies E1 and E», the density of states is
also very large [31]. As such, the number of carriers at that energy per unit volume becomes
so great that all optical processes increase in magnitude, both absorption and reflectance,

thus the peaks E: and E, appear in both the reflectance and absorption spectra.
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Figure 1.10 Reflectance spectrum of planar Si as a function of incident photon wavelength, using data from
OPAL 2 [36].
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Figure 1.11 Absorption of Si as a function of incident photon wavelength. The peaks E1 and Ez are marked
at 280 nm (3.4 eV) and 350 nm (4.5 eV) respectively. Data sourced from M Green [31].

The weighted average reflectance (WAR) of a planar Si surface between 280 nm —
1100 nm, using the photon irradiance of the AM1.5G spectrum, is 37%. Therefore, a bare
Si surface immediately loses 37% of incident photons for carrier generation due to front
surface reflectance. With regards to a solar cell's performance, increased surface
reflectance negatively impacts both the External Quantum Efficiency (EQE) and Jsc. EQE

is the ratio of the number of photons that contribute to carrier generation against the total
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number of incident photons. As reflectance increases, the number of photons contributing
to carrier generation decreases, lowering EQE. This also impacts Jsc, as the number of
charge carriers that can be extracted is reduced. In turn, cell efficiency is reduced due to

its dependency on Jsc.

1.3.2.2 Absorption
Transmitting light into the cell does not guarantee it will contribute to carrier generation.

Photon absorption as a function of travelled distance is described by the Lambert-Beer Law:

1(x) = 1(0)e~ (1.2)

here I(x) is the light intensity at wafer depth x, I1(0) is the intensity of the light at the surface
of the wafer, a is the absorption coefficient and describes light attenuation in Si as a
function of light wavelength. Figure 1.12a) presents light absorption through 200 um of Si
for several different wavelengths of light. Current industrial wafer thickness is 160 — 170 pum
[9], thus wavelengths up to 900 nm have the potential to be completely totally absorbed
within the thickness of the cell for carrier generation. However, absorption at longer
wavelengths dramatically reduces, as the photon energy is only sufficient to facilitate
indirect transitions of the bandgap, thus resulting in a decrease in absorption coefficient as
shown in Figure 1.11. Less than 10% of light at 1100 nm can absorb into a Si wafer,
meaning even if all incident light was transmitted into the cell, not all of it would be absorbed
in the cell for carrier generation. Furthermore, cell thickness is predicted to decrease further
in the next 10 years to 145 — 125 um [9], thus total absorption, and therefore total carrier
generation, would reduce further.

Another important factor for photon absorption is location. Carriers generated more than
one diffusion length away from the p-n junction cannot be harvested to the contacts. Figure
1.12b) shows that photons at shorter wavelengths can be absorbed at depths where the
subsequently generated carriers would have a high probability of being collected at contacts.

Figure 1.12b) also shows that very few photons at longer wavelengths can be absorbed at
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depths for successful carrier collection. Thus, even if light is absorbed into the cell, it may

not necessarily contribute to carriers that can be extracted from the cell.
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Figure 1.12 Light absorption in Si for different wavelengths as a function of Si thickness a) in 200 pm b) in 1
pm. All x-axes are linear, and all y-axes are logarithmic. Data sourced from M. Green [31].

The variation in photon absorption as a function of wavelength affects a solar cell’'s EQE
and Jsc performance. At long wavelengths, EQE is reduced, as absorption within the cell
thickness is less probable and fewer carriers are generated. Jsc and cell efficiency are also
reduced by the reduction in carrier generation. Figure 1.13 presents a typical EQE curve
suffering from non-optimised optics. Increased surface reflectance causes EQE losses

across the whole wavelength spectrum. Reduced absorption of photons at long
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wavelengths causes a corresponding drop in EQE. Lastly, the reduction in EQE at short

wavelengths is caused by carrier recombination at the front surface.
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Figure 1.13 EQE of a solar cell suffering from non-optimal optical properties.
1.3.2.3 Recombination
Recombination is the process in which an electron transitions from the conduction band
to the valence band, occupying a hole in the valence band, and annihilating both mobile
carriers. If carriers do not remain separated, they will attempt to reduce their energy state
by recombining. The average time taken for a minority carrier to recombine is termed the
minority carrier lifetime, t. The total minority carrier lifetime can be split into components

from the surface and bulk:

1 1 1 (1.3)
+

Teff Tsurface Thulk

where Tg,race and T,y are the minority carrier lifetimes for the surface and bulk

respectively. Within the bulk, three recombination mechanisms affect carrier lifetime:
radiative, Shockley-Read-Hall (SRH), and Auger. The effects of the three mechanisms' on

Tpuik are additive, leading to a sum of the inverse lifetime components:

1 1 1 1 (1.4)
+—+

Thulk Tradiative  TSHR Tauger
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The three mechanisms are presented in Figure 1.14.
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Figure 1.14 The three recombination mechanisms present in bulk semiconductors a) radiative b) SRH c)
Auger.

Radiative recombination is the direct transition of an electron from the conduction band
into the valence band, releasing the excess energy as a photon. Mathematically it is
described as [37]:

1 (1.5)
B An [ny + po + An]

Tradiative =

where B is the probability of recombination, n, and p, are the electron and hole carrier
concentrations in Si respectively, An is the excess carrier concentration generated by
incident photons, where total carrier number, n, is defined as:

n= An+ n, (1.6)

In the case of Si, B =10 cm3®s [31], [38], which is low compared to other semiconductors,
such as GaAs where B is 10 t0101° cm?3s [38]. This is caused by the indirect bandgap of
Si, where a phonon is needed to mediate the transition between bands. Therefore, radiative
recombination in Si is typically negligible.

In Auger recombination, three carriers are involved. The excess energy released from
two carriers recombining is passed to another carrier instead of being released as a photon.
This third carrier is pushed to a higher energy state within its energy band and relaxes in
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energy over time via phonon emission [31], [39]. This process applies to both holes and

electrons thus net Auger recombination (R, 4¢r) is dependent on the sum of n?p and p?n:

Rauger = Cp(pzn - pniz) + Cn(nzp - nniz) (1.7)

here C, and C,, are the Auger coefficients for hole-hole-electron and electron-electron-hole
processes, and n; is the intrinsic carrier concentration at thermal equilibrium. Depending on

if the material is n or p-type, one of the two terms in R, 4., Will dominate. In p-type, the first

term becomes the most influential, while in n-type the second term dominates [31], [39].
Finally, as Auger recombination requires three carriers it only dominates net recombination
at high doping levels [31], [39].

Opposed to the intrinsic processes of radiative and Auger recombination, SRH
recombination occurs by defects such as impurities, vacancies, and crystallographic
defects, creating energy levels within the bandgap. Electrons from the conduction band and
holes from the valence band can relax into such defect levels, annihilating one another.

Carrier lifetime due to SRH recombination can be statistically described [40], [41] using:

o Tno(Po + P1 + An) + Tpo(ng + nq + An) (1.8)
SRH Po + P1 + An
__(ED - Ev)_ ( 19 )
p1 = Nyexp T
—(Ec — Ep)] (1.10)
n,; = N exp T
1 (1.11)
fno = Nyop vy
1 (1.12)
tpo = Nopven

here 7,,, and t,,, are capture time constants for electrons and holes respectively, p; and n,
are hole and electron carrier trap densities respectively, N,, and N, are the effective density
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of states for the valence and conduction bands respectively, Ey, E. and Ej are the energy
of the valence band, conduction band and defect level respectively, k the Boltzmann
constant, T temperature, N, impurity concentration, o, and g, the capture cross section for
electrons and holes respectively, and v, the thermal carrier velocity. From the above
equations, the amount of SRH recombination depends upon defect concentration, the
probability a majority carrier occupies a defect state, and the probability a minority carrier
can transition to the defect state occupied by the majority carrier. The efficacy of SRH
recombination in the bulk of Si is affected by impurity type and concentration, dislocation
density, grain boundary type and density, and the decoration of dislocations or grain
boundaries with impurities [31], [42]-[46].

The surface of Si represents a large SRH defect where many energy states are
generated in the bandgap due to the unsatisfied lattice bonds [31]. A unique parameter is
given to categorise the effectiveness of SRH recombination at the surface, termed surface
recombination velocity (SRV):

Rsurrace (113)

SO = Ap

where Syis SRV in cm/s, Rgy,rqce iS surface recombination rate in cm?/s. It is desirable to
minimise S, indicating few carriers recombine at the surface.

All recombination processes are deleterious to solar cell performance as they lower V.
and subsequently reduce cell efficiency. V,. is inversely proportional to the dark saturation

current I, which is a measure of recombination, as shown by the equation for V,:

nkT (IL 1) (1.14)
Iy

Voo =——In

q

where n is the ideality factor and is a measure of how closely a device follows the ideal
diode equation and changes according to which recombination mechanism dominants in

the device (typically it is 1), k is the Boltzmann constant, T is temperature, q is the electron
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charge, I, is the illumination current. Thus, when I, increases, due to increased
recombination, V,. decreases and consequently efficiency is lowered due to its

proportionality to V..

1.4 Optical Loss Mitigation

1.4.1 Anti-Reflection Coatings

The PERC structure employs several techniques to mitigate the optical losses
described in section 1.3.2. One technique to minimise front surface reflectance is an anti-
reflection coating (ARC). As described in section 1.3.2.1, incident light can either reflect or
transmit at the air/Si surface boundary. Figure 1.15 shows that by applying a coating to the
surface, additional interactions occur between the incident light and the front surface. By
tailoring the ARC thickness, the two reflected waves in air can be made to be M2 out of

phase with one another to cause destructive interference and eliminate front surface

reflectance.
A
Ao 0
A
0 I"Iair
darc = _ Narc

Figure 1.15 Reflectance reduction mechanism using an ARC atop Si, where dARC is A4 to enable
destructive interference, causing all incident light to be transmitted into Si.

To cause destructive interference, the ARC thickness, darc, must be equal to M4, as
the wave must travel in and out of the ARC:

Aarc (1.15)

Where dyg- is ARC thickness and A4 is the wavelength of the light exiting the ARC.
However, it is more useful to describe darc in terms of the wavelength prior to entering the
coating (1):
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Ao (1.16)

Angpc

darc =
Where nyp¢ is the refractive index of the ARC. To determine the value of nyg. for minimal
reflectance, the amplitude of the two exiting waves must be equal for destructive
interference to occur. Using this constraint and the Fresnel equations for the amplitude of

reflectance at normal incidence [47], nagc can be defined by ng;, and ng;:

Ngrc — Mair _ Msi — NaRC (1.17)
Nppc + Nair  Nsi + Narc

Simplifying to:

Narc = / NairNsi (1.18)

Thus:

2o (1.19)

As is apparent from the above equations, ARCs can only be tuned to minimise reflectance
at one wavelength. For solar cells, this is typically localised around 600 nm as this is where
photon density is greatest in the AM1.5G spectrum. Taking into consideration that solar
cells are encapsulated in glass, nar should be replaced by ngass at 1.4 in equations ( 1.17 )
- (1.19 ), making narc = 2.33 and darc = 68 nm. SiNx:H is commonly used for ARCs as the
refractive index can be tuned between 1.8 and 3.0 at A = 633 nm by altering the gas ratios
when using plasma-enhanced chemical vapour deposition (PECVD) [48]—-[50]. Figure 1.16
shows the reflectance reduction achieved by a SiNx:H ARC on planar Si versus planar bare-

Si, where the WAR reduces from 36.7% to 12.8% with an ARC.
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Figure 1.16 Reflection of planar Si with and without an ARC. Data sourced from OPAL 2 [36].

1.4.2 Surface Texture

A second method to reduce front surface reflectance is to roughen the surface, known
as texturing. Figure 1.17 shows that texturing can cause the light to interact with Si more
than once, increasing the number of transmission events into the Si. Mono-Si PERC
employs texturing to great effect, using a texture of microscale random upright pyramids to
lower reflectance to 10.6% on bare-Si (without an ARC) [36]. The full mono-Si PERC
architecture combines this front surface texture with an ARC, as shown in Figure 1.7,
reducing reflectance to < 1% at 600 nm and achieving a WAR of 2.0% between 400 nm —
1100 nm [36]. Figure 1.18 presents the reflection reduction caused by pyramidal texturing

and the further reductions achieved when combining texturing with a SiNx:H ARC.

|1R

R

Figure 1.17 Reflection of a planar surface and a v-grooved surface.
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Figure 1.18 Reflectance spectra of planar Si, Si textured with upright pyramids, and Si textured with upright
pyramids with a SiNx:H ARC on top. Data sourced from OPAL 2 [36].

Even with the combination of a pyramidal texture and an ARC, the largest loss to Jsc in
a PERC still comes from the front surface reflection. Y. Zhang et al. [51] simulated an
upright pyramidal front surface texture (texture size of 5 um) PERC without any optical
losses and the resulting Jsc was 46.92 mA/cm?. Yet a typical industrial PERC, with 22.2%
cell efficiency, had a measured Jsc of 40.31 mA/cm? [51]. Analysing the losses to Jsc showed
the four greatest loss mechanisms were optical, where front surface reflection was the
largest source causing a reduction of 2.81 mA/cm? to Js, approximately a factor of three
greater than the next loss source [51]. Therefore, even though a front surface texture of
microscale pyramids and an ARC provides a substantial improvement to Jsc (via front
surface reflection reduction), the front surface reflection must be minimised further to
achieve the greatest gain to Jsc. Y. Zhang et al. [51] suggested alternative ARC schemes
as well as different texture morphologies to lower front surface reflectance and increase
light trapping (see section 1.4.3) for improved Jsc.

Nanoscale textures overcome the limitations of microscale textures, offering broadband
reflectance reduction for the entirety of the solar spectrum useful to solar cells. The
reflectance reduction mechanism for nanoscale textures uses a texture feature size that is
smaller than the wavelength of light but extends for a depth of several hundred nanometres

[36], [37]. Such structures are no longer treated as sharp interfaces but instead are
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considered as diffuse layers transitioning from the density of air to bulk-Si [36], [37].
Reflection occurs throughout the depth of the texture, as it is no longer a sharp interface,
where each reflection has a different phase depending on the depth it was reflected at.
When the total texture depth is = Ao/2, all phases are present in the reflected waves. Thus,
when considering the summation of the reflected waves from the texture layer, destructive
interference is facilitated, causing the nett reflectance of the texture layer to fall to zero for
A < Ao [36], [37].

Figure 1.19 demonstrates the dependency of nanotexture depth on reflectance
reduction as a function of the incident wavelength. Figure 1.19a) demonstrates reflectance
reduction in a thick texture layer for both short and long light wavelengths. The thickness of
the texture layer is great enough that all the different phases are present, thus destructive
interference is facilitated between waves within the texture layer. Therefore, for the deeper
texture, no reflected waves emerge from the texture layer into the air. Figure 1.19b)
illustrates the reflectance reduction of a shallower nanotexture for short and long light
wavelengths. At short wavelengths, the texture depth is sufficient that both scattering
events that cause destructive interference occur in the texture layer, thus no net reflected
wave exits the texture layer into the air. However, for longer wavelengths, the scattering
event that would have caused the two waves to be out of phase for destructive interference
now occurs within the bulk region of the Si, where no reflected wave is produced. Thus,
destructive interference is not caused for the longer wavelength wave for a shallower
nanotexture. The longer wavelength reflected wave exits the Si into the air, increasing the
reflectance of the Si surface at longer wavelengths. Therefore, maximising the total texture

depth of nanotextures is crucial to reducing reflectance.
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Figure 1.19 Reflection reduction by nanotextures for a) deep textures b) shallow textures. Deep textures can
reduce reflectance for a wide range of wavelengths, thus no reflected waves exit the nanotextured Si layer.
For shallower textures, reflected waves at longer wavelengths can escape, due to the waves that would have
caused destructive interference being absorbed in the bulk-Si. Scattering events are denoted by blue stars.
Waves that are A/2 out of phase and undergo destructive interference are dashed.

Si nanotextures that achieve ultra-low reflectance undergo a colour change from silver
to black and thus are termed “black Si” (B-Si). Figure 1.20 shows how bare B-Si suppresses
reflectance across the entire range of useful wavelengths for solar cells, against microscale
upright pyramids with an ARC which are only optimised for a single wavelength. Due to its
broadband reflectance minimisation, B-Si can overcome the limitations of microscale
textures and increase Jsc and cell efficiency beyond what is currently possible for solar cells

such as PERC. Hence, B-Si is an extremely attractive solution for the necessary cell
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efficiency improvements to increase the deployment of solar energy and tackle climate

change.
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Figure 1.20 An example of nanotextures’ superior optical properties over micro-textures. 'Rp' are micro-scale,
randomly arrayed upright pyramids, with a SiNx:H ARC. 'RIE' are nanoscale cones, with no further optical
optimisation. Figure reproduced from T.H. Fung et al. [52].

1.4.3 Light Trapping

Section 1.3.2.2 demonstrated that not all incident light transmitted into the cell is
absorbed in the cell, nor is it all absorbed in a region of high collection probability. To
increase absorption, whilst continuing the trend of wafer thinning (for reduced bulk
recombination and lower manufacturing costs [9], [11], [31]), the distance a photon travels
through the cell must be increased. This is termed light trapping. Light trapping is caused
by total internal reflection. Si is denser than air, thus when a photon interacts with the Si/air
interface, from the Si side, the photon only has a limited number of angles from which it can
escape the Si, otherwise it is reflected into the Si. These limited angles are defined as the
‘exit cone’ and on average for Si is 14.5° on either side of the normal. Figure 1.21 presents

the trapping effect of the exit cone for light already within the Si.
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Figure 1.21 The exit cone for Si to air. Light ray 1 can escape Si, as its angle to the normal is within the cone,
whilst light ray 2 is reflected into Si as its angle is larger than the cone.

There are two types of light trapping schemes; Lambertian, and geometrical, both are
presented in Figure 1.22. Lambertian scattering causes light to be scattered uniformly in
every direction, regardless of the incident angle and can increase light path length by
approximately a factor of 50 in Si [31], [53]. Geometrical scattering prioritises keeping the
more intense incident light close to the normal, away from the exit cone, over the less
intense light at oblique angles [31], [53]. Geometrical scattering is caused by surface texture;
thus, its efficacy will vary depending on the relative angle of the surface to the incident light
[31]. For example, random upright pyramids will cause ~40% of light to undergo 5 passages
or more before exiting the Si [31]. Geometric light trapping via total internal reflection is not
limited to Si surface texture. E. Yablonovitch [54] demonstrated the encapsulation layer also

provides light trapping, further reducing surface reflectance by 20%.
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Figure 1.22 a) Lambertian scattering b) geometrical scattering.

Light trapping efficacy has also been demonstrated with texture size. T. Scheul et al.
[55] found that nano-wire textures scattered a greater proportion of transmitted light to
larger angles in Si than micron-sized pyramids [55], [56]. By scattering to larger angles, a
greater number of photons are trapped in nanotextures for absorption than in microtextures,
as more photons are kept away from the escape cone. Furthermore, it was found that the
broad-angle scattering for nanotextures occurred for the whole solar spectrum, the effect
was hot localised to a single wavelength, such as for an ARC [55]. When encapsulated,
nanotextures also improved the light trapping between the encapsulant and glass interface
of the solar cell. In a stack of Si/ethylene vinyl acetate (EVA)/glass, microscale upright
pyramidal textures were found to cause 14.5% of the light hitting the EVA/glass interface,
from the Si side, to undergo total internal reflection and reflect back into the Si [55], [56]. In
contrast, when the Si had a texture of nanoscale wires, this increased to up to 40% of all
light at the EVA/glass undergoing total internal reflection and returning to the Si [55]. This
increase was caused by nanotextures scattering a greater number of photons to oblique
angles, thus when the photons interacted with the EVA/glass interface they were outside
the escape cone and reflected back into the Si [55]. The resulting photocurrent gain from

B-Si textures light trapping was measured at 0.45% compared to 0.21% for microscale
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textures [55]. Therefore, the improved light trapping effect of nanotextures, combined with
the broadband reflection reduction, provides an avenue for superior optical and electrical
properties for solar cells.

Lastly, path length can also be increased with the use of rear reflectors. Instead of
allowing light the option to escape through the back of the Si wafer, a rear reflector is used
to reflect light off the back surface of the solar cell into the wafer. Reflectors consist of the
rear passivation layer and the Al back contact and can reflect above 95% of incident light
near the normal [31]. Figure 1.23 presents the optical path length enhancement of texturing,

encapsulation, and a rear reflector combined.

EVA

Si

ALO,

Figure 1.23 Demonstration of reflection reduction typically used in solar cells including a textured front
surface, EVA encapsulation layer, and an Al2O3 rear reflector.

1.5 Solar Cell Manufacturing

The stages of PERC manufacturing are presented in Figure 1.24, where highlighted

steps are discussed in detail.
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Figure 1.24 Manufacturing stages of a PERC. The highlighted stages are discussed in detail.

1.5.1 Wafer Sawing, Saw-Damage Removal & Texturing

Cutting Si ingot into bricks and then wafers uses a water-cooled diamond wire saw
(DWS). Surfaces produced have wire striations with occasional pits and the damage layer
is a total of 5 um [57], [58]. Additionally, the pressure from the DWS on the Si surface is
sufficient to produce amorphous-Si (a-Si) in regions across the surface, demonstrated in

Figure 1.25 as well as confirmation via Raman spectroscopy [59]-[61].
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Figure 1.25 a) top-down SEM view of a DWS surface b) a cross-sectional view of a DWS surface
demonstrating the a-Si layer and grooves. Figure reproduced from K. Chen et al. [58].

The surface damage from sawing must be removed to minimise its deleterious
recombination effects. Mono-Si wafers are etched using solutions of NaOH or KOH at 30 —
40 wt% in deionised water at 70 — 80 °C, removing 2 — 4 pum/min, to induce semi-isotropic
etching [62]-[66]. Multicrystalline-Si (mc-Si) wafers are etched using acidic mixtures of
HF/HNO3/H,0 at 6 — 10 °C to maintain etching rates as the process is exothermic [67], [68].
Etching to texture the front surface is performed after saw-damage removal, section 1.6

discusses texturing in detail.
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1.5.2 Emitter Formation

To create the p-n junction, the surface of p-type Si is doped n-type with phosphorous
from a liquid source of POCI; [69]. N, is bubbled through POCIs;, and along with O; is
transported into a diffusion furnace, forming a phosphosilicate-glass (PSG) on the wafers’
surface at 800 °C — 900 °C [69], [70]. The PSG is the source of phosphorous atoms for
doping and on further heating are driven into the wafer surface [69], [70]. After driving-in
the phosphorous, the PSG is removed using dilute hydrofluoric acid (HF). Finally, surface
etching is required to remove the excessively high concentration of phosphorous at the
surface of the wafer, known as the dead layer. The dead layer is deleterious to device
performance as phosphorous atoms that exceed the solid solubility form electrically inactive
precipitates, facilitating SRH recombination [12], [71]-[73].

An alternative to homogenous emitters is selective emitters. Selective emitters consist
of a uniform surface of lighter doping than a typical emitter, but under the metal contacts
doping is increased. This heavily doped region decreases contact resistivity and
recombination at the metal-silicon interface. The lightly doped area maximises light
absorption with low recombination, resulting in gains in Js, Vo, and efficiency over

traditional front surface diffusions [74]-[77].
1.5.3 Surface Passivation & Anti-reflection Coatings

After the p-n junction is formed, front surface recombination is addressed. The surface
is coated with layers of dielectric material to satisfy the dangling bonds at the Si-surface,
thus reducing the number of states in the bandgap for carriers to recombine at. This is
termed chemical passivation. Charge from the dielectric layer can also minimise
recombination by reducing the concentration of minority carriers at the surface thus
inhibiting SRH recombination as it requires both types of carriers. This mechanism is termed
field effect passivation (FEP).

SiNy:H is the most common dielectric for Si surface passivation. It acts as a chemically

passivating layer to the front surface whilst also introducing positive charge to repel positive
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carriers away from the surface. Furthermore, upon firing, it releases hydrogen to passivate
bulk defects and acts as an effective ARC due to its tunable refractive index [78]-[80].
Industrially, SiNx:H films are applied using PECVD due to their high through-put and low
processing temperatures [78]-[80]. Reaction gases of silane, ammonia, and nitrogen are
excited into a plasma state using radio frequency coils at 350 °C — 400 °C to create the
SiNx:H layer [78], [79]. Layer thickness, refractive index, and hydrogen content are
optimised by gas flow and temperature to achieve the best balance of optical and electrical
properties [79].

Rear surface passivation requires an alternative to SiNx:H, as the positive charge
attracts minority carriers for recombination at the p-type rear [81]. PECVD AIOy provides
effective rear surface passivation with its high density of negative fixed charge to repel
electrons (minority carriers) away from the rear surface [82]-[86]. Atomic layer deposition
(ALD) of AlOy is effective at 6 nm thickness, yielding an increase of 0.4 — 0.8% absolute for
PERC while becoming more common industrially [9], [87]-[91]. SiNy is added atop AlOy for

increased rear side reflection to improve long-wavelength absorption [86], [92].

1.6 Texturing Silicon

1.6.1 Microscale Texturing

1.6.1.1 Alkaline Etching

Texturing to reduce reflectance for solar cells was first realised with alkaline etchants in
1974 [93]. 48 years later, alkaline etchants remain the dominant industrial texturing
technique for mono-Si [33]. The texture generated from alkaline etchants is caused by the
preferential etching of Si(100) over Si(111). Each surface atom of the Si(100) has two
unsatisfied (dangling) bonds and two bonds to Si atoms in the lattice, while Si(111) has one
unsatisfied bond and three bonds to Si atoms in the lattice [94], [95]. Therefore, the energy
required to etch Si(100) is less than Si(111), as only two Si-Si bonds need to be broken to

remove the atom from the surface for Si(100) while three must be broken for Si(111) [94],
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[95]. This variation in etch rates combined with the diamond-cubic structure of Si results in

a pyramidal texture, as shown in Figure 1.26.

Figure 1.26 The random upright pyramidal texture on mono-Si, figure reproduced from E. Vazsonyi et al.
[64].

The mechanism to remove Si atoms from the surface with alkaline etchants uses OH"
ions and HO in four steps. Firstly, two OH" ions bond to the two unsatisfied bonds of the Si
atom on the (100) [95]. The second and third steps occur effectively simultaneously, where
the Si(OH). breaks away from the Si surface and bonds with another two OH" ions to form
Si(OH)4 [66], [95]. The electrons generated from this reaction go on to react with water

molecules, creating further OH" ions and H2 [95]. The total reaction is defined as:

Si+20H™ + 2H,0 - Si0,(OH),*” + 2H, (1.20)

The typical industrial alkaline species used are NaOH or KOH, where micro-pyramids
form under 1 - 4 wt% KOH or NaOH at 80 °C and typical industrial etch times are ~7 mins
[65], [96]-[100]. WAR of bare surface pyramids achieves 10.6 — 15.0% [65], [96]-[100]. IPA
is commonly added to alkaline etching to increase the wettability between the etching
solution and the Si surface, thus mitigating the masking effect of the H. bubbles produced
from the reaction [63], [64], [97], [101], [102]. IPA also ensures high texturing coverages by

increasing the nucleation of new pyramids; thus 100% texturing coverage can be reached
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in a shorter processing span [64], [65]. To balance the benefits of IPA whilst maintaining
etch anisotropy, Si. Vazsonyi et al. [64] recommended IPA be kept at 3 vol%.

Reflection reduction with alkaline textures is achieved with multiple photon-surface
interactions. The characteristic angle between the pyramid base and one of the four walls
is 54.7 °, ensuring all light is double-bounced, 25.6% is triple-bounced and 6.1% is
quadruple-bounced [36]. However, due to the continued etching of the formed texture
throughout texturing, square-based pyramids are not truly made, in practise hillocks with a
50 — 52° characteristic angle and an octagonal base form [103]. The probability of multiple
bounce conditions thus slightly reduces from 16.5 — 19.1% for triple bounce and 2.7 — 3.4%
for a quadruple bounce. As such, microscale random upright pyramids can achieve a
reflectance of ~10% on bare-Si [36]. Overall, alkaline texturing is the industry standard for
mass production of mono-Si solar cells, achieving ~ 22 — 23% industrial cell efficiency
across the different cell geometries used [9], [33].
1.6.1.2 Acidic Etching

Alkaline textured mc-Si was less successful at reducing reflection than mono-Si. Figure
1.27 presents alkaline textured mc-Si, where the multiple grain orientations at the Si surface
cause irregular pyramids to form. These irregular pyramids yield lower reflectance than
those formed on Si(100), where the texture, and thus reflectance, of some planes was
indistinguishable from a polished Si surface [104]. Therefore, isotropic texturing is required

for mc-Si.
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Figure 1.27 Alkaline etching of various cry
reproduced from J. Hylton et al. [104].

Texturing of mc-Si is achieved with acidic, isotropic etchants. Etching occurs by an
electrochemical process where Si oxidation occurs under cathodic conditions and
subsequent oxide etching under anodic conditions [105]. When there is an imbalance
between these two processes, etch pits form [105]. The most common acidic etching
system is HNO3s/HF/H.O. Etching is initiated by HNO3 oxidation by hole injection into the
valence band of Si, weakening the Si-Si bond [105], [106]. More commonly, this process is
undertaken by the HNO: intermediate under steady state etching, as it has a greater
oxidation potential than HNO3 [107]. HNO- provides a further benefit as oxidation does not
become diffusion limited at the surface due to the autocatalytic generation of HNO., where

one molecule of HNO; and one molecule of HNO3z generates four molecules of HNO, [107].
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Oxide-etching occurs by Si-F bond formation via a F~ providing an electron to the Si. This
addition polarises the other Si-Si bonds, initiating further Si-Si bond breaking until SiHF3 is
formed [108]. The full etching process is demonstrated in Figure 1.28. The resulting

morphology is an inverted hemispherical cap [109]-[111].
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Figure 1.28 Schematic of acidic etching of Si, reproduced from K. P. Sreejith et al. [112].

Acidic etching produces a range in surface reflectance as, unlike alkaline texturing, the
morphology of the texture is not maintained throughout texturing. Parameters that effect the
texture morphology include the starting surface, the ratio of the etching mixture, and etching
time. Considering the starting surface first, defects need to be present to create an
imbalance between cathodic and anodic sites across the surface for texture to arise. This
results in the textured surface having a ‘memory’ of the starting surface where planar
starting surfaces produce smooth textures whilst rough starting surfaces will produce rough
textures. Typically this works in the favour of manufacturing as texturing can be directly
initiated from the saw-damaged surface [109]-[111]. With regards to the etch ratio, HF-rich
environments create effective textures but etch rates become uncontrollable with rates such
as 50 um/min, whilst HNOs-rich environments create smooth surfaces but have controllable
etch rates [113]. For etch time, a balance must be struck to ensure the surface is completely
textured against preventing etch structures from becoming too large and resulting in a
higher reflectance [111], [114]. Cheng et al. [114] varied HF:HNO3:H>O in four different
ratios of 2.5:1:2.5, 7:1:2.5, 15:1:2.5, 36:1:2.5 for etch durations 25 s, 30 s, 60 s, 120 s at
room temperature. The best balance was found to be 15:1:2.5 for 60 s, resulting in a bare

surface reflectance of 21.4%. Additives have been used to increase etch rates whilst
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maintaining optimal texture with varying degrees of success [113], [115]. The addition of
H2.S04 to HNO3s/HF/H.O enabled surface reflectance to reduce to 19.3%.

While standard wet chemical etchants currently dominate the texturing market for Si
solar cells [12], the microscale textures they produce do not provide the optimal optics for
solar cells. The lowest reflectance achieved with microscale textures on bare-Si is 10.6%
[36]. With the addition of an ARC, the reflectance of microscale textures can be made
effectively 0% for a single wavelength and the WAR is 2.0% across the wavelengths of
interest [36]. As reflectance is not minimised for all wavelengths of use to solar cells,
photons that could contribute to carrier generation are being lost at the front surface,
preventing maximum cell efficiency from being achieved. Alternatives to microscale

texturing must be sought out to achieve maximum cell efficiency.

1.6.2 Nanoscale Texturing

1.6.2.1 Metal Assisted Chemical Etching

Metal Assisted Chemical Etching (MACE) catalyses acidic etching with metals to
produce nanostructures. Metallic nanoparticles are distributed across the Si surface before
being subjected to the previously described acidic wet etchant. Etching local to the particles
is catalysed, causing particles to sink into the Si surface [108], [116], [117]. Figure 1.29

presents a schematic of this etching process.

HF/H,0,/H,0

Si

Ag
nanoparticle
Si-oxide

Figure 1.29 An Ag nanopatrticle facilitating hole injection to oxidise local Si and catalyse etching surrounding
the particle. The particles etch channels into the Si where the particles to sink to the bottom of the channels.
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The catalytic effect of MACE occurs in the oxidation phase of texturing [116]-[120].
Instead of HNO3, H>O: is used as the species for Si oxidation, as it has a larger oxidation
potential of +1.76 eV (the oxidation potential of HNO3 is +0.94 eV), thus H>O, enables faster
oxidation rates than HNOs; [116], [121]. However, HNOs; can make Si oxidation an
autocatalytic reaction, through the generation of nitric intermediates and no such effect
occurs when H;O; is the oxidant. Instead, the metal nanoparticles take on the catalytic role
by reducing H.Ox:

H,0, 4+ 2H* - 2H,0 + 2h* (1.21)
The holes generated from this reduction diffuse through the metal and are injected into the
local Si, causing it to oxidise. As in the previously described acidic etching, this oxide is
then etched away by the HF.

Only specific metals facilitate catalytic oxidation. Ag, Au, and Pt are the three metals
traditionally used for MACE as the reduction potentials of these metals are below the
valence band of Si in HF solutions, promoting hole injection [108], [116]. Ag is the most
used metal for MACE to minimise costs [108], [122]. Metal deposition of the nanoparticles
can occur by a variety of methods. Thermal evaporation, sputtering, and electron-beam
evaporation have been used but the most common method is electroless deposition as it is
the most cost-effective [108], [116]. For the example of Ag, particles are generated by
submerging wafers in a solution of AgQNOs/HF to generate Ag nanopatrticles and then a
H.O2/HF solution for etching. Lastly, as metals can facilitate recombination [31], the
particles are removed to prevent them from becoming incorporated into the solar cell upon
further processing. Several methods have been used to remove metal particles, including
a solution of lodine and potassium iodide [122], [123], an RCA 2 clean (Radio Corporation
of America clean consisting of water, H».O2, and HCI) [124], but the most commonly used
method is a dip in HNO3 at room temperature for 10 - 60 mins [125]-[131]. After removal
from the Si surface, the metals have the potential to be recovered from the waste metallic-
nitrate solution [132]. This not only reduces cost MACE, as the metal can be reused for
further MACE processing, but also reduces the strain PV manufacture has on natural
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resources, particularly for species such as Ag [20], [21], [25], [28], [29]. Whilst recovering
Ag from MACE textures has not been directly demonstrated (likely due to the only recent
interest of material recycling to aid multi-TW production of solar-PV, see section 1.2), G.
Zante et al. [133] examined recovering Ag from solar cell contacts using copper(ll) chloride
and were able to successfully recover 95 wt% of Ag.

MACE can produce ultra-low reflectance structures for the entire wavelength spectrum
used by solar cells. Needle-like structures with a radius of 60 nm and a height greater than
750 nm have shown <1% reflectance across the visible spectrum [134]-[137]. While MACE
can achieve textures that yield <1% reflectance, for solar cell applications MACE has been
more commonly shown to yield structures with < 5% surface reflectance [138]-[142]. Figure

1.30 presents the needle-like morphology to achieve sub-5% reflectance.

Figure 1.30 Nanowire morphology produced by Ag-MACE; figure reproduced from M. Otto et al. [134].

However, when passivating such textures with PECVD SiNx:H, coating conformality is
poor and bare-Si surfaces remain [122], [143]. Cells made with these poorly passivated
nanoscale textures yield worse electrical properties than micro-textured cells [122], [143].
To combat the poor coating conformality of the passivation layer, additional processing
steps have been added after MACE to increase texture feature size, thus enabling full
coating conformality when passivating with SiNx:H PECVD [124], [125], [144]-[146]. Yet by
introducing additional processing steps to increase the texture feature-size, ultra-low

reflectance can no longer be achieved. After processing the nano-textures with pore-
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opening etchants surface reflectance increased to 12 — 17% [124], [125], [144]-[146]. Such
reflectance is comparable to microscale pyramids with alkaline etching, thus the benefits
nanotexturing can offer to solar cell performance are not realised when feature size is
increased to accommodate SiNx:H PECVD passivation.

There is an alternative to compromising on the excellent optics MACE textures can offer
and that is to passivate with an alternative technique. ALD has demonstrated surface
passivation layers of the order of single nanometres on Si [87], [88], [90], [91], [147]-{149].
ALD Al;O3 passivation layers < 20 nm thick have demonstrated complete effective coating
conformality on MACE nanostructures, enabling ultra-low reflectance to be maintained
without compromising the electrical properties [88], [91], [140], [150].

In recent years, MACE has been combined with microscale textures, creating what is
known as a hybrid texture [151]-[155]. A nano-texture’s total texture depth dictates how
effectively reflectance is reduced, where shorter textures cannot reduce reflectance at
longer wavelengths. By applying a short nano-texture atop a micro-texture, the reflectance
reduction properties of both structures combine, thus depressing reflectance across the
entire wavelength spectrum. T. Rahman et al. [152] demonstrated reflectance could be less
than 2% across 400 — 1000 nm wavelengths when nanowires were formed atop upright
random pyramids from alkaline etching. Figure 1.31 shows the superior optical performance
of the hybrid structure in comparison to both pyramids or nanowires and Figure 1.32
presents all three morphologies. Additionally, the authors demonstrated this unique
structure could be passivated with ALD and could yield effective lifetimes three times
greater than passivated microscale pyramids. Therefore, both optical and electrical benefits

can be realised for solar cells when combining textures of different scales.
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Figure 1.31 Reflectance of pyramidal texture from OPAL 2 software model, pyramids the authors etched
themselves, nanowires, and the hybrid texture of nanowires atop pyramids. Graph produced by T. Rahman
et al [152].
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Figure 1.32 Morphology of a) nanowires b) upright random pyramids c) the hybrid texture d) the hybrid texture
in cross-section passivated with ALD Al20s. Figure reproduced from T. Rahman et al. [152].

While Ag-MACE has demonstrated excellent optics to improve cell efficiency,
increasing the use of Ag in solar cell production is problematic. For solar cells to achieve
the necessary multi-TW production target to significantly impact climate change, Ag
consumption in solar cell production must reduce by a factor of 7 [29]. As this estimate was
made for alkaline textured cells, introducing additional Ag to cell manufacturing by Ag-

MACE would require even greater reductions in Ag consumption for other aspects of cell
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manufacturing. Therefore, it is desirable to avoid adding Ag to cell production, with the
introduction of techniques such as Ag-MACE. An alternative to using Ag in MACE, is Cu-
MACE. However, while Cu-MACE has gained research interest, it has been unable to
replace Ag-MACE as Cu-MACE requires additional processing steps and processing time
to meet the optical benefits of AQ-MACE [156]-[163]. Thus, MACE still must overcome the
challenge of developing a fabrication method that can provide improvements in solar cell
efficiency, beyond a traditional microscale texture, and support the multi-TW production of

solar cells.

1.6.2.2 Reactive lon Etching

An alternative to wet etching is dry reactive ion etching (RIE). A Si-reactive ion plasma
is generated and accelerated towards the Si surface and upon contact etches the Si,
forming volatile products. Figure 1.33 presents the typical set-up of RIE of Si. A radio
frequency (RF) generator is used to set-up a sufficiently strong electric field to cause
ionization of the source gases in a low-pressure environment [164]. This is achieved by
releasing the source gases between two electrodes, typically powered with a 13.56 MHz
signal. SFe/O, or SFe/O2/Cl, gases are primarily used for Si etching as they can provide
etch rates of the order of um/min with their dissociation into F-, F-radical (F*) and SFs* where
the ionised F species etch Si forming the volatile SiF4 [164], [165]. The Si-reactive species

are accelerated towards the Si surface situated on the lower electrode for etching.
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Figure 1.33 Schematic of a RIE chamber texturing Si with F radicals.
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Whilst SF¢ is used for etching Si, O is vital to creating texture. O-radicals from the
plasma generate a silicon-oxyfluoride layer on the wafer surface, which is slower to etch
than Si thus acting as an etch mask [164]-[166]. The removal of the surface oxide is hon-
uniform, forming perforations in the oxide layer [165]. With further etching, the oxide layer
is more readily destroyed on horizontal surfaces where ion bombardment is greatest, thus
resulting in needle-like structures [166]. Different morphologies can be generated
depending on gas ratio, chamber pressure, sample temperature, and plasma power,
producing needle-like, cone, pyramid-like, and inverted pyramid structures [166], [167].
Figure 1.34 presents the needle-like, cone, upright pyramidal, and inverted pyramidal
textures formed by RIE. RIE is also able to produce ultra-low reflectance structures and
create b-Si, where sub-1% reflectance was measured on 1 um high bare-Si needles by T.

Fung et al. [52].
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Figure 1.34 Different morphologies RIE can produce. Figure reproduced from K. M. Park et al. [167].

However, texturing DWS surfaces to produce nano-textures with RIE has necessitated
the use of Cl, [168], [169]. Whilst nanotextures were successfully produced and cell

properties improved [137], [141], [168]-[170], Cl is a toxic gas and therefore a barrier to
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RIE being integrated successfully into industry. Furthermore, RIE uses costly equipment,
thus the market share of RIE was predicted to grow to no more than 2% by 2030 for mc-Si
[12].

1.6.2.3 Plasma-less Dry Etching

To avoid the expensive equipment used in RIE, texturing Si with gases has been
investigated. Several species have been used to texture Si in the gas-phase for solar cell
applications, including CIF3 [171], F2 [172]-[175], HF/H.O- with Ag particles [176], but the
most well-studied system is for HF/HNO3; [177]-[180]. The typical set-up for the latter
involves holding the Si wafer over a heated bath of HF/HNO3, where the vapours from the
acid solution can contact the Si surface for etching. Yet, the proposed etching mechanism
was not entirely in the vapour phase [181]. Whilst the reactants were emitted from the liquid
source in a vapour, etching only occurred on the Si surface when a liquid film condensed
on the wafer surface, creating typical acidic wet etching conditions. The surface reflectance
achieved by HF/HNO3; vapour etching is between 5 — 20% [177]-[180], [182]. Perhaps the
most viable balance between texture properties and texture processing conditions was
demonstrated by B. Mohamed et al. [180], where a single-step etching process achieved a
surface reflectance of 8% in 8 mins. However, the reflectance and processing time are
approximately equal to those exhibited by microscale alkaline texturing, thus no benefit is
achieved by HF/HNOs; vapour etching by either improving solar cell performance or
reducing manufacturing processing time.

The second gas-phase etching system that presented industrial promise for
nanotexturing Siwas F, vapour etching by B. Kafle et al. [172]-[174]. F2 gas was pre-heated
to form Si-reactive F-atoms before exposure to Si wafers for etching. The tool designed
was intended for in-line use, whereby wafers are rolled along a heated belt, into the etching
tool where they are surrounded by a N, gas curtain thus creating a safe environment to
exposure the F; etching gas to the wafers. Figure 1.35 presents the variety of morphologies

F» vapour texturing can produce, where the lowest reflectance structures were found as
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processing temperature decreased and F», concentration in the reaction gas increased [172].
The lowest surface reflectance achieved with F2 vapour etching was < 2% [172]. No explicit
comment was given on texturing processing time, only the belt speed was given (2 — 8
mm/s) and the length of the belt was not stated. Thus, a direct comparison for processing

time to assess the industrial feasibility of F, vapour etching cannot be made at this time.
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Figure 1.35 The morphologies produced by F2 vapour etching when processing time and F2 concentration in
the reaction gas are varied. Figure produced by B. Kafle et al. [172].

1.6.2.4 HF/O3 Gas-Phase Texturing

Gas-phase texturing using gaseous HF/Os; (GaPTex) was investigated by the
Semiconductor group at The University of Oxford [183]. Etching was analogous to acidic
wet etching, where O3z was used to oxidise the Si surface and HF-vapour to etch the oxide
away. Figure 1.36 presents the experimental set-up that was used within the work. Os
produced from a GM-1 Primozone generator was passed over a heated HF-reservoir of 40

wt% liquid HF. The combined vapour of HF/Os was directed into the heated reaction
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chamber, over the wafer surface. Gas flow rates could be varied between 1 and 5 L/min
into the reaction chamber and the temperature of the water bath housing both the HF-
reservoir and the reaction chamber could be varied between 40 °C and 80 °C. The pick-up
of HF vapour was improved upon from passing the O3z vapour across the HF reservoir
surface by using a ‘bubbler-coil’ design. A perforated coil was inserted into a HF-resistant
container filled with HF, forcing the Os to bubble through the liquid HF rather than pass over

the liquid surface.

Generator

Reaction
Chamber

vent

Figure 1.36 The experimental set-up schematic for HF/Oz texturing [183], where Os was passed through a
HF reservoir to a reaction chamber to texture Si.

The most influential operating parameter affecting GaPTex morphology and
subsequent optical properties was the ratio of HF/Os. Figure 1.37 presents the change in
morphology between etching in a HF-rich environment to an Os-rich environment, where
textures made from HF-rich environments yielded lower surface reflectance. The lowest

WAR achieved on DWS mc-Si was measured at 11.7% after 30 mins of etching.
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Figure 1.37 HF/Os texture morphology as a function of average reaction gas composition from HF-rich (a)
through to Ogz-rich (d).

The project suffered several limitations. Firstly, regardless of the water-bath
temperature, the incoming gas to the reaction chamber was 35 °C, therefore no effect on
temperature was truly studied. Secondly, texturing uniformity was poor, Figure 1.38
presents the typical texturing non-uniformity produced across the wafer surface. Thirdly,
the etching time of 30 mins was too great for the process to be industrially desirable. For
GaPTex to become a desirable and competitive industrial process further investigations
must focus on reducing processing time, increasing texturing uniformity, demonstrating
compatibility with standard manufacturing techniques, and further optimisation of optical

properties.

Figure 1.38 Two 156 mm x 156 mm wafers textured with the same texturing conditions, demonstrating the
lack of uniformity across a wafer surface and between wafers. Blue triangles indicate local regions of low
reflectance whilst red starts indicate local regions of high reflectance.
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1.7 Thesis Aims

Nanotextured Si can provide superior optical properties for Si solar cells, enabling the
full solar spectrum to be used for carrier generation. However, each nanotexturing
technique has a limitation preventing industrial up-take. MACE primarily used Ag, which is
undesirable to add to solar cell production, as current solar cells must already minimise Ag
content to achieve multi-TW production. RIE uses costly equipment and toxic species for
texturing. Etching in the gas-phase is a potential new alternative to mitigate the weaknesses
of prior methods, by using simple cost-effective equipment and processing under
atmospheric pressure at low sample temperatures. However, current gas-phase texturing
techniques either have excessively long processing times or are a two-step process with
wet chemicals to create optimal solar cell properties.

The aim of this thesis is to develop HF/O3; gas-phase texturing (GaPTex) to mitigate the
current drawbacks of other gas-phase texturing technigues whilst realising the benefits of
gas-phase texturing over wet etching techniques. To achieve this, a texturing tool was
designed and manufactured to enable gas-phase texturing to be studied in detail. The
texturing mechanism was further investigated as well as the variety of morphologies that
could be produced. Finally, the performance of the texture in a solar cell was assessed for

the first time.
1.8 Thesis Structure

The materials and experimental methods used in this thesis are presented in Chapter
2. The design, manufacture, and refinement of the GaPTex equipment are presented in
Chapter 3. The initial results using the new GaPTex tool are demonstrated in Chapter 4.
The texturing process optimisation to achieve reproducible, ultra-low reflectance B-Si is
presented in Chapter 5. Chapter 6 investigates the significance of surface chemistry on the
texturing reaction. Chapter 7 explores the different morphologies GaPTex can generate and

contains the proposal of the full texturing mechanism for GaPTex. The implementation of

48



GaPTex Si into a PERC is presented in Chapter 8. Chapter 9 describes the thesis

conclusions and suggested future work for GaPTex.
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2 Materials and Methods

2.1 Materials

2.1.1 Substrates

Table 2.1 presents a summary of the characteristics of the Si substrates used in this
project, including the reference name given to each substrate used throughout the thesis.
All material used in the project was diamond wire sawn. For the substrate Ox 1, the type
and source are unknown as it was sourced from the Si ‘remnants’ store in the

Semiconductors lab.

Table 2.1 Summary of Si substrates used within this thesis.

Reference Type Crystallinity Surface Resistivity Source
Texture (Q.cm)
Longi P-type Multi SD 1-3 Longi
Ox1 Unknown Mono Flat, polished Unknown Unknown
Trina 1 P-type Mono SDE 1-3 Trina
Trina 2 P-type Mono SD 1-3 Trina
Ox 2 N-type Mono Flat * 1 Fraunhofer
ISE
UNSW P-type Mono SDE 1-3 UNSW
UNSW P-type Mono Upright 1-3 UNSW
Control pyramids

* 100 nm thermally grown oxide
SD = Saw-damage present
SDE = Saw-damage etched/removed

2.1.2 Precursors

A precursor containing colloidal silica and IPA coated on the Si substrates surface was
found to strongly influence the gas-phase texturing (GaPTex) process. Analytical reagent
grade IPA of > 99.8% purity was used, and the range of colloidal silicas used in this work
is presented in Table 2.2. The full investigation of the precursor application methods and
their effect on texturing is presented in Chapter 5. In Chapter 5, it is demonstrated that the
precursor stability is crucial to achieving ultra-low reflectance surfaces and texturing
reproducibility. 96 wt% sulphuric acid (H2SO4) was used to stabilise the precursor, which

was added individually to the colloidal silica and IPA, in separate containers, until pH 2 was
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achieved. Each container was manually agitated, before adding the desired amount of
colloidal silica into the IPA. The range of dilutions investigated was from 1:10 to 1:2000 of
colloidal silica to IPA respectively. pH was monitored using the Hanna Instruments HI-
98100 Checker Plus pH Tester. Agitation later became automatic with a PTFE coated
magnetic stirrer atop a stirrer hotplate, set to 1000 RPM, to improve ease of preparation for
the operator, this change was found to have no significant change to texturing.

The effect of the stabilising counter-ion within the colloidal silica of the precursor was of
particular interest to GaPTex. Na* stabilised, and ammonium (NH,) stabilised colloidal
silicas were both investigated, the details of which are presented in Table 2.2. In Chapter
7, Li, Na, K, or Cs were added to the NH.-stabilised colloidal silica (AS-40) to investigate
the effect different alkali metals had on texturing. To add the alkali metal to the precursor,
a hydroxide solution of the desired alkali metal was made. It was assumed that NaOH was
the only contribution to cause the colloidal silica pH to deviate from neutral in the Col-K (NC)
colloidal silica. To mimic the final alkali metal concentration of 0.0033 M the Col-K (NC)
colloidal silica had, an alkali hydroxide solution of 0.037 M was used during precursor
preparation. After making the hydroxide solution, H.SO, was added to the hydroxide
solution until pH 2 was reached (thus maintaining the stabilisation pH of the precursor). The
same volume of the hydroxide solution with H.SO, as the colloidal silica was then added to

the prepared precursor base of colloidal silica, IPA, and H.SO4, completing the preparation.

Table 2.2 The colloidal silicas tested in the Precursor.

Name Nanoparticle Diameter Si Content Counter-lon pH Source

(nm) (Wt%)
Col-K NC 70-90 20 Na 9-11 Kemet
TM-40 22 40 Na 9 Ludox
AS-40 22 40 NH4 9.2 Ludox

2.2 HF/O3 Texturing Tool

The design and refinements of a new HF/Oz GaPTex tool, overcoming the issues of that

used in M. Cohen’s work [183], are presented in Chapter 3.
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2.3 Wet Chemical Processing

Table 2.3 presents the details of the substrate cleaning methods used in Chapter 4. To

maintain sample cleanliness during RCA cleaning (Radio Corporation of America cleaning),

dedicated beakers and tweezers were cleaned with RCA solutions prior to cleaning

specimens.

Table 2.3 The five different cleaning processes used in chapter 4.

Cleaning Temperature Duration Agitation Post Drying

Medium Cleaning

Acetone Room 10 mins Ultrasonic Acetone Air
Temperature bath rinse

Acetone Room 10 mins Ultrasonic Acetone Air
Temperature bath rinse

IPA rinse Room seconds Rinsing IPA rinse
Temperature

IPA Room 10 mins Ultrasonic IPArinse  Air
Temperature bath

De-ionised Room 10 mins Ultrasonic De- Pressurised-

water Temperature bath ionised air gun

water
rinse

RCA 1. RCA 1: RCA 1. RCA1: None Pressurised-

H>0230wt% 70°C-80°C 6 minsonce from air gun

60 ml, NH3 De-ionised solution evolving

40 wt% 60 water rinse:  begins to bubbles

ml, de- room bubble De-ionised

ionised water temperature De-ionised  water rinse:

360 ml RCA 2: water rinse: water

De-ionised 70°C -80°C 6 mins source

water rinse  De-ionised RCA 2: RCA 2:

RCA 2: water rinse: 6 minsonce from

H202 30 wit% room solution evolving

60 ml, HCI temperature begins to bubbles

36 wt% HF dip: bubble De-ionised

60ml, de- room De-ionised  water rinse:

ionised water temperature  water rinse: water

360 ml 6 mins source

De-ionised HF dip: HF dip:

water rinse 1 min none

HF dip
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2.4 Solar Cell Fabrication Methods

2.4.1 Emitter Formation

Phosphorous emitters were formed with a liquid POCI; source using the Tempress
TS81004 Tube Furnace by the in-house team in the Solar Industrial Research Foundation
(SIRF) at the University of New South Wales (UNSW). An optimised emitter recipe for
upright random pyramids PERC and LDSE (Laser Doped Selective Emitter) cell
architectures was used on GaPTex wafers as well as pyramidally textured wafers, where
the latter were control specimens. Exact conditions for emitter formation are not reported
due to IP restrictions at UNSW. However, typical sheet resistance (Rsh) produced on upright

random pyramids for PERCs was quoted at 80-90 Q/o and for LDSE 115-125 Q/co.
2.4.2 Surface Passivation

Surface passivation was performed by the in-house team at SIRF using the Roth & Rau
MAIA XS Plasma Enhanced Chemical Vapour Deposition (PECVD) system at UNSW SIRF.
SiNx:H was used as both surface passivation and an ARC. Whilst exact operating conditions
are confidential by SIRF, it was stated that the recipe was optimised for random upright

pyramids. SiNy:H thickness was quoted at 70 nm and a refractive index of 2.00.

2.5 Characterisation Methods

2.5.1 Optical

2.5.1.1 Spectrophotometry

Surface reflectance was measured using an Ocean Optics Flame-S-XTR1-ES
spectrophotometer, DH-2000-BAL light source, and ISP-50-8-R-T integrating sphere.
Figure 2.1 schematically shows the set-up for reflectance measurements including a

detailed view of the spectrophotometer.
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Figure 2.1 Schematic of the light source, integrating sphere, and spectrophotometer for reflectance
measurements. A detailed view of the inside of the spectrophotometer is included.

The light source consisted of a deuterium bulb emitting 210 - 370 nm light, and a
tungsten-halogen bulb emitting 320 — 1100 nm; mimicking the relative wavelengths used
for carrier generation in solar cells by sunlight. Light is directed along an optical fibre cable
to an integrating sphere, where it hits the sample perpendicularly. Any reflected radiation
from the sample is uniformly scattered by the integrating sphere’s Lambertian reflector
interior. Light is collected in the exit port, 90 ° from the sample, and is directed along an
optical cable into the spectrophotometer. Within the spectrophotometer, light is separated
into its wavelength components by a blaze-grating. The blaze-grating also aids wavelength
selection as it localises the amount of power to a specific diffraction order, effectively
creating one diffracted beam per wavelength. Individual wavelengths are subsequently
selected using a slit and directed onto the photodiode detector, converting the light to an

electrical signal for display.
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Before measuring samples, the system was calibrated in the OceanView software. First,
to improve the signal-to-noise ratio of measurements, the signal strength of the light
reaching the detector was increased until 85% saturation of the detector occurred. This was
achieved by increasing the integration time per measurement. The signal-to-noise ratio was
additionally improved across the whole spectrum by using a boxcar averaging method. The
second step of calibration was to define 100% and 0% reflectance. A reflectance
measurement using a spectralon standard defined 100% reflectance, as spectralon has
effectively 100% reflectance from 300 nm — 2000 nm [184]. The 0% reflectance was defined
by repeating the measurement but with the shutter to the light source closed. Another
standard of 4% was also available for reflectance measurements, which allowed for an
improved signal-to-noise ratio at 4% reflectance and lower. In this work, the spectralon
standard was used, as the main body of this work focussed on the development of GaPTex
where reflectance commonly exceeded 4%. In future GaPTex research, the 4% standard
should be taken into consideration for low-reflectance studies, as this project has
successfully demonstrated ultra-low reflectance reproducibly, but must be used in tandem
with the 100% standard to prevent inaccurate results.

After calibration, sample reflectance measurements were performed. Five areas were
measured per square sample at: (0.25, 0.25), (0.25, 0.75), (0.50, 0.50), (0.75, 0.25), (0.75,
0.75), where (0, 0) was defined as one corner of the square the specimen, and (1, 1) was
the corner diagonally opposite. If specimens were irregularly shaped, measurements were
taken to avoid overlap between measurement areas whilst creating an even distribution of
measurement points. The spectrophotometer and software were set to acquire
measurements with a ~0.5 nm wavelength bin. Each measured point on the sample was
an average of five measurements in the OceanView software. The five averaged points
measured per sample were then used to calculate the mean reflectance of the sample. The
standard deviation of these five measurements was used to describe the variation in
reflectance uniformity of a sample. Weighted average reflectance (WAR) was used to
generate a single value of reflectance for a sample. Equation ( 2.1 ) shows the calculation

55



used where reflectance measurements (R) at a given wavelength for 400 nm < A < 1000
nm were weighted against the respective photon density in the AM1.5G spectra.

Sii R(D) X AML5G (i) (2.1)

WAR = —
Yy AM156G (i)

An area of potential systematic error was the decay of light within the integrating sphere.
Defining light decay uses radiance, which is the variation of radiant flux as a function of
interaction area and angle. Equation ( 2.2 ) describes radiance, L, for a diffuse sphere as a
function of incident radiant flux, ®;, sphere reflectance, p, the total projected angle from the
surface, m, the area of the sphere, A, and the fraction of sphere area lost to input and
output ports, f [184]:

L - D, p (2.2)
- mAs1-p(1-f)

Radiance increases as port fraction, f, decreases causing less light to be lost to open ports,
and as sphere reflectance, p, increases allowing less light to be lost to the material coating
the inside of the sphere. Therefore, spheres with high- p internal coating and low f allow
the greatest collection of light at the output port, post-sample interaction. Spectralon coated
the inside of the ISP-50-8-R-T integrating sphere, due to it having effectively 100%
reflectance 300 nm — 2000 nm [184]. The port fraction of the integrating sphere was 2.56%,
which is below the recommended 5% and thus within acceptable limits [184].

The noise in reflectance measurements increased for wavelengths < 400 nm and >
1000 nm, demonstrated by the rapid changes in reflectance of more than 1% on adjacent
wavelength measurements. For A < 400 nm, signal-to-noise became poorer due to a
reduction in light intensity from the light source of approximately one order of magnitude.
Below 230 nm, another drop of approximately two orders of magnitude occurs, further
increasing noise in the measurement. Noise at infrared wavelengths was caused by the
reduced quantum efficiency of the Si detector (as the absorption coefficient of Si decreases),

and as the efficiency of the blaze grating to separate wavelengths reduced. Reflectance
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measurements were performed between 400 nm and 1000 nm to reduce effects from noise
whilst balancing the range of relevant wavelengths for solar cell operation.

In addition to the noise inherent to the spectrophotometer, an error was introduced to
reflectance measurements by the set-up between the sample, sample holder, and
integrating sphere. Figure 2.2 shows the reflectance spectra of an as-sawn, untextured Si
wafer, where four peaks foreign to the Si reflectance spectra occur between 450 nm and
600 nm. These peaks are attributed to stray light interfering with the reflectance
measurement caused by an imperfect seal between the sample holder, sample, and
integrating sphere. The reflectance measurements of Chapters 4 — 7 contain these
additional peaks. Later in the project, the set-up of the sample during measurements was
changed. The integrating sphere was inverted (with the measurement port facing upwards),
the sample was placed on top, over the measurement port, and a weight was used to
improve the seal between the sample and the integrating sphere. This change to the
measurement set-up removed the additional peaks from the reflectance spectra. The
majority of the reflectance spectra in Chapter 7 do not contain the additional peaks of Figure

2.2.

Wavelength (nm)

Figure 2.2 A reflectance spectra of bare mc-Si where stray light introduced additional peaks, non-native to
the Si reflectance spectra.
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2.5.1.2 Ellipsometer
Oxide thickness measurements were performed using a Film Sense FS1 ellipsometer.
For a 2 nm thick native oxide on Si, accuracy is reported as 0.013 nm and the precision

0.00035 nm [185]. The refractive index used was for a native SiO,, at 1.75 [186].

2.5.2 Physical

2.5.2.1 Scanning Electron Microscopy

To analyse texture morphology, a Carl Zeiss Merlin scanning electron microscopy (SEM)
was used to resolve nanoscale features. This SEM used a field emission gun as an electron
source, subsequent condenser lenses refocussed the electron beam (e-beam) throughout
the SEM column, and objective lenses focussed the e-beam before sample interaction [187].
Resultant EM radiation from the surface was collected by a variety of detectors for image

creation. Figure 2.3 shows the schematic of a typical SEM set-up.
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Figure 2.3 Schematic of a SEM, reproduced from K. M. Krishnan [187].
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For analysis of surface topography, the secondary electron (SE) mode was used. The
e-beam was inelastically scattered by the sample surface, re-emitting lower energy SE <
50 eV, where only SEs in the top 5-50 nm could escape the sample surface for collection
[187][188]. An InLens detector was used for SE collection, due to its higher collection
efficiency of SEs produced from direct e-beam-sample interaction (known as SE1)
[187][189], over traditional Everhart-Thornley detectors.

The feature size of textures generated was of the order of tens nm, therefore SEM
operating conditions were optimised to achieve the highest image resolution possible. The
highest image resolution is achieved by focussing electrons into a smaller area, known as
reducing the electron beam spot size. However, by reducing spot size for high-resolution
images, image brightness also lowers due to a drop in probe current. No image will be able
to form if there is not sufficient current. K Krishnan [187] demonstrated the SE spot size
from a field emission electron source is approximately invariant up to ~100 pA, but at a
higher current, spot size increases. Therefore, the probe current used in this project was
kept at 100-101 pA to achieve the highest resolution possible whilst still producing a
sufficiently bright image.

Accelerating voltage has also been shown to affect image resolution and image
brightness. The highest resolution is achieved by maximising accelerating voltage as it
reduces spot size; however, SE yield varies with accelerating voltage [187]. Initially, more
SEs are generated by increasing the accelerating voltage, producing bright, high-resolution
images. However, as accelerating voltage increases further, SEs are generated deeper
within the sample, thus lowering the resultant image brightness as fewer SE escape the
sample surface to the detector [187]. To balance image brightness and resolution, the
accelerating voltage in the project was initially set at 5 kV and later optimised to 3 kV for
improved image quality.

The working distance was optimised for resolution over depth of field, as nanostructures
imaged were < 1 um deep, which is well within the range of a SEMs depth of field [187].
The working distance was initially set at 5 mm and later optimised to 3 mm to increase
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image resolution by a smaller spot size. In-Lens detectors are less sensitive to variation in
working distance than Everhart-Thornley detectors [189], thus the short working distance

did not negatively affect image quality.

2.5.2.1.1 Total Texture Depth & Etch-Pit Diameter Measurements

SEM micrographs were used to define the GaPTex total texture depth and etch-pit
diameter. Samples were cleaved with a diamond-tipped pen and then hand mounted onto
a Ted Pellar 90° pin stub to examine the cross-section using electrodag 1415 paste. An
exact 90° view of the surface in cross-section was not possible due to the hand-mounting
of the samples. After SEM imaging, ImageJ software was used to analyse the total texture
depth and etch-pit diameter by hand. Total texture depth was defined from where the bulk-
Si ends to the top of the generated texture on the cleaved interface. Figure 2.4a)
demonstrates a total texture depth measurement on a SEM micrograph. Etch-pit diameter
measurements were also performed on SEM micrographs. Figure 2.4b) presents the
process of measuring etch-pits, where 10 measurements were taken per cross-section
image at x150k magnification in ImageJ software and used to calculate the mean and
standard deviation of etch-pit diameter. Etch-pits included in the measurements were
circular in cross-section so that only one measurement was needed per etch-pit. The
precision associated with hand-measuring etch-pit diameter in ImageJ was +1 nm. Total
texture depth and etch-pit diameter measurements were semi-quantitative, as they were
subject to the operator defining the top and bottom of the texture depth as well as which
etch-pits to include for diameter measurements. However, all specimens were subject to
the same measurement criteria and were performed by the same operator, thus the error

is systematic, and comparisons can be drawn between samples.
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b)

Figure 2.4 a) an example of a total texture depth measurement, measured from the end of the bulk-Si to the
top of the texture at the cleaved plane b) an example of the etch pits included for the etch-pit diameter
measurements, where individual and circular etch-pits were included for measurements while large, irregular
etch pits that appeared to be formed by several etch-pits joining were discounted.

2.5.3 Chemical

2.5.3.1 X-Ray Photoelectron Spectroscopy

To determine the surface composition, X-ray Photoelectron Spectroscopy (XPS) was
performed by the Oxford Materials Characterisation Service, using a Thermo Scientific K-
alpha XPS. XPS is a surface-specific analysis technique, the Thermo Scientific K-alpha
used was quoted to analyse the first 2 — 8 monolayers of the surface of the specimen.
Figure 2.5 presents a schematic of a typical Thermo Scientific XPS set-up for surface
composition measurements. The X-ray source was Al K-qa, yielding 1486.6 eV with a line

width resolution of 0.85 eV [190]. X-rays were passed through a quartz monochromator
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before sample interaction to improve the measurement signal-to-noise ratio [191]. Chemical
accuracy was quoted to 0.1 atomic% and the measured energy range from samples was
100 eV — 4000 eV. The atomic% of each element on the surface was calculated using the
primary photoelectron peaks for each element. Four areas were measured per sample to

calculate the mean and standard deviation of each element present.

Electron
Source ~,

Electron '
Beam —— = X-ray Beam

Figure 2.5 Schematic of XPS measurements, figure reproduced from ThermoFisher Scientific [191].

2.5.4 Electrical

2.5.4.1 Minority Carrier Lifetime

| performed effective minority carrier lifetime (z.r) measurements using the Sinton
Instruments WCT-120 lifetime tester with the Quantum Qflash X5d-R flash lamp. A set-up
of the lifetime tester used is presented in Figure 2.6, including the flash lamp, illuminating
flash, sample, and the inductive coil contained within the sample stage. Samples were
placed on the stage and illuminated with red light to generate carriers throughout the entire
thickness of the sample. An inductive coil is situated beneath the sample in the stage to

monitor sample conductivity as the flash decays to determine ..
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Figure 2.6 Set-up of WCT-120 Lifetime Tester with Quantum Qflash X5d-R flash lamp for effective lifetime
measurements.

Three modes are used for measuring .z : transient, quasi-steady-state, and
generalised. Transient is used for high 7. samples (> 200 ps), where a short pulse of light

is emitted, and subsequent carrier density decay is monitored over time. Equation ( 2.3)

describes Transient lifetime where An is excess minority carrier density and % is rate of
carrier decay with time [192].

An (2.3)

Quasi-Steady-State mode is used for low 7. samples (< 100 ps), where it is assumed that
the change in flash intensity causes generated carriers to be effectively in a steady-state
[192], [193]. Equation ( 2.4 ) describes Quasi-Steady-State 7.5, Where G(t) is the carrier

generation rate as a function of time.

An (2.4)
=5

Generalised mode bridges Transient and Quasi-Steady-State measurement modes for

increased accuracy, as both are limiting cases when either G (t)= 0 or % = 0 respectively

[193], [194]. Equation ( 2.5 ) describes Generalised mode 7.;s. Generalised mode was

used to measure 7, in this work.
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An (2.5)

Teff = dm)

2.5.4.2 Sheet Resistance

| used a SunLab Sherescan sheet resistance scanner at SIRF UNSW to calculate Rsh
of samples. Measurements were performed after emitter formation to infer how heavy or
light emitter doping was. 100 measurement points were made in a 10 x 10 grid across the
wafer surface to produce the mean, standard deviation, median of a sample, and a spatially
resolved map of the wafer surface of high or low Rsn areas. Measurement accuracy was

quoted as 0.5% of the measured value [195].

2.5.4.3 Current-Voltage

| used a LOANA solar cell analysis system by PV Tools to measure the I-V
characteristics of solar cells in SIRF at UNSW. Measurements included Jsc, Voc, FF, internal
quantum efficiency (IQE), EQE, and n. lllumination was varied up to 1 sun and the output
I-V characteristics were recorded. Equations ( 2.6 )-( 2.9 ) present how FF, n, EQE, and
IQE can be calculated from IV measurements, but LOANA automatically calculated values

upon measuring the solar cell.

P Vypl 2.6
Fp = _mp_ _ Ymplup (2.6)
Voclsc  Voclsc
_ Prnax _ VocJscFF (2.7)

P input P input

EOE = generated electrons/second _ [pp (2.8)
OF = incident photons/second ~ qA¢
1QE = generated electrons/second  EQE (2.9)

absorbed photons/second ~ 1—R—T
For FF: Vyp is cell voltage at maximum power output, I,,p is cell current at maximum power

output, and Py is cell maximum power output. For n: Py, is power input into the solar

cell. For EQE: J,,, is the photocurrent generated by the cell, g is the electron charge, 4 is
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the area of the solar cell, and ¢ is the photon incidence on the solar cell (photons per unit

area per unit second). For IQE: R is cell reflectance, and T is cell transmission.

65



3 Development of the HF/O3 Texturing Tool

Within Chapter 1, the initial investigation of texturing in the gas phase with HF/Os was

reviewed and it was determined that the equipment imposed limitations on the investigation.

Thus, to further investigate HF/O; GaPTex, the first stage of this project was to design a

new texturing tool.

3.1 Tool Design

3.1.1 Limitations of Prior Tool

M. Cohen’s GaPTex tool design successfully demonstrated:

Si could be textured by HF/Os in the gas phase.

Reflectance reduction from texturing was competitive with other industrial
techniques, achieving 12% on DWS mc-Si surfaces.

The technigue was industrially applicable as it was able to texture full-sized

industrial Si-wafers.

However, this initial design suffered several drawbacks:

Regardless of the modifications to the incoming gas to the texturing chamber,
texturing uniformity was poor across the wafer surface. Uniformity across an entire
156 mm x 156 mm wafer was not demonstrated.

The sample temperature and the HF-reservoir temperature were not independent
parameters.

The maximum incoming reaction gas temperature to the reaction chamber was
limited to 35 °C, regardless of the heating provided by the water-bath up to 80 °C.
The heating of the sample was slow due to thick PTFE reaction chamber walls and
a subsequent air gap between the chamber walls and the sample. Thus heating the
sample to the highest operating temperature would take several hours, slowing
overall experimental productivity.

The sample temperature could not be verified with the reaction chamber design.
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The sample handling to insert and remove wafers was difficult for the operator.
Condensation formed during experiments on the inside of the sample holder,
making sample handling difficult due to the necessary safety aspects required when
working with HF.

Whilst GaPTex was demonstrated in some areas of full-sized industrial wafers, this
set-up was limited to processing only industrially sized wafers, becoming very

material-intensive since only such large samples could be placed in the chamber.

It was clear that while the tool used successfully demonstrated GaPTex, a re-design of the

tool was required for further research.

3.1.2 New Tool Design

As well as mitigating the tool drawbacks in section 3.1.1, several other features were

noted as desirable additions to the new tool design:

Increasing the sample temperature range beyond that of the water-bath, ideally to
at least 200 °C, depending on the operating temperatures of the HF/O3 resistant
materials required.

Maximising the extraction of HF-vapour from the reservoir, possibly by decreasing
the bubble size in the HF-reservoir further, or by increasing the number of HF-
reservoirs.

Improving the quantitative aspect of the tool with the addition of flow meters to verify
the output from the O3 generator and a thermocouple to determine the sample
processing temperature.

Improving the ease of use for operators.

Minimising the chemical reservoir and sample heating time.

Increasing the number of chemical reservoir lines with the possibility of using other
chemical species in texturing, such as water, or HCI.

Possibly use illumination such as UV in texturing, as UV has been shown to increase
Si oxidation rates when using O3 to temperatures as low as room temperature [196].
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With the aid of Tetreon Technologies, a design to accommodate the desirable qualities
listed above, as well as mitigating the tool drawbacks in section 3.1.1, was created. Figure
3.1 presents the initial tool design schematic as well as a picture of the new tool installed in
the Semiconductor laboratory.
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Gas Mixing Manifold
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Waterbath
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Figure 3.1 a) D_e-éign schematic of the new HF/O3s GaPTex tool b) the newly designed tool installed in the
fume-cupboard at the Semiconductor laboratories. The ozone generator is beneath the fume-hood and the
source gases are to the left of the fume-cupboard.

O3 was generated by the same Primozone GM-1 Ozone Generator as used in the prior
work. The generatsor was moved out of the fume-cupboard into a ventilated cabinet,
creating more space for equipment that necessitated the fume-cupboard. The source gases
for the Os; generator were changed to include industrial-grade Nz, as Primozone
recommended a mixture of ~94% O, with the remainder being N2 for generator longevity.
Figure 3.2 presents the schematic of the two source gases and the flowmeters used to
achieve the correct source gas ratio for the Oz generator.

To O; Generator

0, flow N, flow
meter meter
0, gas
cylinder

Figure 3.2 Source gases of Oz and Nz for the Oz generator, connected to flow meters to make the appropriate
gas ratio for the Os generator.
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After generation, Oz was routed into the fume-cupboard where it could either interact
with chemical species in a heated water-bath or by-pass directly to the reaction chamber.
A Grant TC120 Heated Circulator was used to heat the water-bath and the chemical
reservoirs housed within it. The accuracy of the water-bath heater was checked using a
thermometer in four locations across the water-bath and was found to be accurate within
0.5 °C of the digital display of the heater. Three different chemical reservoir lines were
installed within the water-bath: a de-ionised water line, a 40 wt% HF line, and the third line
was left empty for future chemical investigations. Flow meters were attached before each
chemical line, including the Oz by-pass, to verify the gas flow from the O3z generator. Within
each chemical line, the number of reservoirs was increased to maximise the HF-vapour
content in the reaction gas from the prior GaPTex tool. Determining the increase in the
number of reservoirs was performed by using humidity measurements with a ATP AHTD-
625 High Accuracy Thermo-Hygrometer. De-ionised water reservoirs were used as HF and
water have similar thermal properties, thus humidity results with water would accurately
describe the results with HF whilst ensuring operator safety. Measurements were
performed at room temperature (22 °C) to determine a lower bound for evaporation and the
fume-hood extraction was turned off to better mimic the operating conditions of a contained
system of gas contained within the gas lines. The baseline humidity in the fume-hood was
measured at 48.1% + 0.2% and the humidity directly exiting the de-ionised water reservoir
was 73.3% + 2.2%. To further increase humidity, and thus the total HF evaporation into the
reaction gas, the number of chemical reservoirs per line was increased to two. Three
reservoirs were discussed, but due to the confines of space within the water-bath this was
not deemed necessary at the time. In addition to increasing the number of chemical
reservoirs, the bubbler-coil used within each reservoir was changed to incorporate a greater
guantity of HF-vapour into the reaction gas. A porous PTFE diffuser from Ozone Solutions
provided a pore diameter of 20 um, decreasing bubble size from the bubbler-coil where

perforation diameter was < 2 mm. The maximum flow rate quoted for the porous diffuser
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was 20 L/min, maximum operating pressure of 7.0 bar, and maximum temperature of 100
°C.

All gas lines exiting the chemical reservoirs, as well as the ozone by-pass line, met in
the gas mixing manifold. A HF-drip bottle was installed beneath the mixing manifold to drain
any HF condensation. After the gas mixing manifold, the reaction gas was directed into the
PTFE reaction chamber for texturing. The reaction chamber was separated from the water-
bath in the new design, enabling separate temperature control. The reaction chamber was
a 5000 ml PTFE cylindrical container with one open end pressed against a gasket to ensure
a secure seal to contain reaction gases. The reaction chamber was clamped to a PTFE
hotplate using two clamps, with a Viton gasket between the chamber and the hotplate to
contain gases. A thin sheet of PTFE was placed between the hotplate and the Viton gasket
to maintain sample heating whilst protecting the surface of the hotplate. The gas outlet from
the reaction chamber was attached to a scrubber unit before venting out the back of the

fume-cupboard.
3.1.3 Safety

During the tool re-design, maintaining operator safety was taken into consideration at each
design stage, including material choice, operating temperatures, and overall design.

For HF/O3 resistance the materials selected were: PFA for the gas lines, PTFE for the
reaction chamber, Viton for the gasket, PTFE for the sheet between the hotplate and
sample, PTFE for the water-bath, and HDPE for the chemical reservoir bottles. All
equipment used for replacing HF in the chemical reservoirs or changing out the reservoirs
themselves was also HF-resistant.

To prevent material degradation, the operating temperature range of the chosen HF/Os
resistant materials was taken into consideration to define tool operation limits. HF reservoirs
were kept at < 80 °C, as the maximum continuous service temperature of Fisher-Scientific’s
thick-walled HDPE bottles was quoted at 120 °C. The hotplate operating temperature was

primarily dominated by the Viton gasket, as it was in direct contact with the plate, but the

71



reaction chamber was also taken into consideration as it sat close to the hotplate surface,
atop the gasket. Viton can act as a seal indefinitely up to 204 °C; however, it has been
shown to provide high sealing performance up to 255 °C [197] and was tested at 250 °C for
70 hours with no significant degradation [198]. It has also been quoted to provide an
excellent seal for more than 48 hours at 315 °C [199] and a maximum service temperature
of 350 °C [200]. PTFE’s upper limit operating temperature is 260 °C [201]-[203]. To balance
the interest in investigating a wider range of sample texturing temperatures against the
necessary safety requirements, the maximum hotplate operating temperature was set to
250 °C to maintain a seal between the hotplate and reaction chamber and maintain
structural integrity of the reaction chamber.

Not only was the new tool design used to broaden operating parameters and mitigate
prior operating issues, but it was also designed to further minimise the risk of working with
hazardous substances. All chemical reservoirs were housed in a PTFE water bath, thus
any compromises to the reservoirs were contained in a HF-resistance container and were
diluted in the water. All gas-line connectors were a push-and-screw fit, enabling a secure
connection between different locations of the texturing tool. The prior tool directly vented
exhaust gases out the back of the fume-cupboard, without prior neutralisation. From
discussions with the Departmental Safety Officers, it was recommended a scrubber unit be
installed to neutralise HF before venting out the back of the fume-cupboard. However, vent
lines were also installed after the chemical reservoirs directly out the back of the fume-hood
for emergency use in case of an overpressure in the system, as this was the single region
where overpressure could be generated by improper operator use. Additionally, the Viton
gasket was visually inspected at the start of each experimental session and was swapped
out if any visual degradation has occurred or if it had been in use for one month. Alongside
inherent design features to minimise risk, | wrote a standard operating procedure (SOP) for
users detailing typical operating conditions, an operating checklist, a starting-up procedure
of the equipment, a shutting-down procedure of the equipment, a detailed procedure for
changing the HF in the reservoirs, emergency procedures regarding HF spills of small
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volumes (< 100 ml) and large volumes (> 100 ml), emergency procedures of Oz leaks.
Lastly, a series of documentation alongside the SOP was generated with the aid of the
Departmental Safety Officers. | wrote COSHH for O3, and HF, and an equipment risk
assessment for the entire GaPTex tool. In the case of changing the HF in the reservoirs, a
HF buddy was required in the lab throughout the procedure and was briefed on the
procedure thoroughly before undertaking the work. All documentation was discussed with
the Departmental Safety Officer and signed off before the equipment became operational,

with a copy stored outside the lab for operators to use.

3.2 Tool Development

3.2.1 Initial Tool Performance

Before texturing with the new tool, it was determined if the new design features
mitigated the issues from the prior tool. Firstly, the maintenance of reaction gas temperature
between the chemical reservoirs and the reaction chamber was verified. To determine the
upper-temperature limit the reaction gas could be heated to, the water-bath heater was set
to the maximum operating temperature of 80 °C. The temperature at the exit port of the de-
ionised water reservoir and at the exit of the gas inlet line to the reaction chamber was
monitored using a thermocouple. At the exit of the gas inlet to the reaction chamber, the
vapour temperature was 20.0 °C. Thus, the new tool design did not meet the requirement
of maintaining reaction gas temperature between the chemical reservoirs and the reaction
chamber.

The second new feature of the upgraded tool was to make the sample temperature
independent from the chemical reservoirs and heat samples to temperatures beyond those
used in the prior tool. By removing the reaction chamber from the water-bath and housing
it atop a hotplate, sample temperature could be independently controlled from the chemical
reservoirs and increased beyond the water-bath heater limit. Furthermore, the sample
temperature could be verified by using an independent thermocouple from the hotplate

display. Therefore, the requirement of sample temperature being independent of the
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chemical reservoirs, increasing temperature beyond 80 °C and verifying sample
temperature was met.

The third feature evaluated was the use of a porous PTFE diffuser tubing for bubbling
O3 through the chemical reservoirs, to increase HF content in the reaction gas. An upper
limit operating pressure was quoted for the porous tubing but no lower limit, thus before
using the porous tubing in the HF-reservoirs the minimum operating pressure was
determined to prevent any overpressure occurring in the tool. The lower bound of operating
pressure of the porous diffuser was tested by submerging the tubing in a beaker of water
and passing compressed air through. A flow meter was added before the porous tubing to
determine what flow rates could be achieved to the corresponding pressure. The pressure
of the compressed air was set in 0.5 bar increments from 0.5 bar to 6.0 bar. Figure 3.3
depicts the relation between pressure and flow rate. Within the operating pressure range of
the O3 generator of 2.0 — 3.0 bar, the maximum flow rate measured was limited to 1.0 L/min
or was unable to flow. Therefore, while the porous diffuser tubing had the potential to
increase the content of HF vapour in the reaction gas, there was a safety concern of

generating overpressure in the system and compromising structural integrity.

5 1 1.5 2 2.5 3 35 4 4.5 5 55 6
Pressure (bar)

Flow Rate (L/min)
OO0 =~ N W b 0O OO N 0 © O

Figure 3.3 Range of flow rates the porous tubing produced as a function of incoming gas pressure.

Sample handling and the ability to test a variety of sample sizes was met with the new

design. Samples were laid flat atop the hotplate, without the need of a holder, allowing
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sample sizes less than full wafers to be tested. Furthermore, as samples were laid flat and
temperature control was independent of the chemical reservoirs, if any condensation
formed on the surface, it could be evaporated by increasing hotplate temperature post-
processing before handling samples.

Lastly, an unforeseen issue occurred with the new design. HF condensation from gas
lines spat onto the sample surface, causing large surface texturing non-uniformities. Figure
3.4 shows the non-uniformity of textured Si from HF spat onto the Si. The surface remained
high reflectance where HF landed and was localised to beneath the gas inlet, whilst regions

farther away were able to successfully texture.

Figure 3.4 Camera image of a textured sample with HF spat onto the surface from the gas inlet during
texturing.

3.2.2 Tool Optimisation

The tool design was optimised to mitigate or minimise the issues described in section
3.2.1. Table 3.1 presents a summary of the new GaPTex tool design features, if they
successfully overcame the prior issues, or the new desired operating features, and if any
further optimisation was required to make the tool operate as desired. Figure 3.5 and Figure

3.6 present the final, optimised tool used in the rest of this work. To maintain the reaction
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gas temperature between the chemical reservoirs and the reaction chamber, the gas lines
between the two points were shortened and insulated using the Thermawrap foil wrap
insulation. Figure 3.6a) presents the new, insulated, floating rig between the two points.
Gas temperature at the gas inlet to the reaction chamber was remeasured using the same
method as described in section 3.2.1 and was found to be 55.6 °C + 0.6 °C on average
across 10 minutes. Whilst gas temperature was not completely maintained between the two

points, it was improved from the prior tool and the first design iteration of the new tool.
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Figure 3.5 Schematic of the optimised HF/O3 texturing tool, including insulated and shorted gas lines to the
reaction chamber and a HF-drip cup.
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Figure 3.6 a) The upgraded texturing tool including the shortened, insulated, floating gas manifold b) the
upgraded reaction chamber to texture full-sized industrial Si-wafers atop the hotplate protected by the Al-
plate.

77



To mitigate the concerns of using the porous diffuser tubing in the chemical reservoirs,
the prior bubbler-coil was tested using the set-up described in section 3.2.1. The resulting
relationship between inlet gas pressure and flow rate is presented in Figure 3.7. There are
no safety concerns when using the bubbler-coil, as in the operating pressure range of 2.0
— 3.0 bar, flow rates of 5.5 — 6.5 L/min were achieved. Thus, the bubbler-coil was used in
the chemical reservoirs instead of the porous tubing to mitigate the safety concerns of
causing an overpressure in the tool. To imitate the porous diffuser further, the number of

perforations was increased in the bubbler-coil.

—Porous Tubing
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Figure 3.7 Flow rate as a function of inlet gas pressure for both the porous tubing and the bubbler coil.

To avoid HF dripping onto the sample surface and causing texturing non-uniformities,
a detachable HF drip-cup was fitted to the end of the reaction chamber gas inlet pipe. The
cup was made from PTFE to resist the reaction gases. The stem of the drip-cup was non-
circular in cross-section to balance griping against the inlet tube alongside emitting reaction
gas into the reaction chamber. The drip-cup was emptied every three experiments to avoid
any collected droplets of liquid being flung onto the sample surface beneath. Figure 3.8

presents the drip-cup.
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Figure 3.8 HF drip-cup to catch any condensation from the gas inlet, preventing it from hitting the Si surface.

Lastly, the reaction chamber was changed to allow texturing of full 156 mm x 156 mm
wafers. An Al-plate was added atop the hotplate to protect the hotplate surface and improve
thermal conductivity between the sample and the hotplate surface over the previously used

PTFE sheet. Figure 3.6b) presents the new reaction chamber atop the Al-plate and hotplate.

Table 3.1 A summary of the design requirements, initial design changes to meet them, the success of the
design changes, and any subsequent modifications if the initial design implementations did not meet the
design requirements.

Tool Initial Design Operating Design Operating
Operating Implementation Requirement  Modification Requirement
Feature Met Met

Increase the New design and No — the new Gas mixing Yes
reaction gas layout of the texturing layout of the manifold reaction gas
temperature  tool. texturing tool removed, temperature
beyond 35 °C limited floating gas range
reaction gas mixing manifold increased up
temperature to installed, all to 55.6 °C *
20°C chemical lines 0.6 °C.
thermally
insulated.
Remove the Sample chamber Yes
dependency was removed from
between the the water-bath and
sample placed atop a
temperature  dedicated hotplate.
and chemical
reservoirs
temperature
Increasing Sample chamber Yes
the sample was removed from
temperature  the water-bath and
to at least placed atop a
200 °C dedicated hotplate.
Maximising Number of chemical Yes
the extraction reservoirs per
of HF-vapour chemical line
from the increased to 2.
reservoir Micro-Porous No — pressure Revert back to Yes
diffuser inside the required to prior bubbler-
chemical reservoirs operate the coil design with
to increase the micro-porous increased




contact area between

diffuser tubing

perforations to

the incoming gas and was beyond maximise gas-
the liquid chemical. that in the liquid contact.
GaPTex tool.
Improving the Flow meters installed Yes
guantitative to verify flow after O3
aspect of the generator and before
tool each chemical line.
Thermocouple used Yes
to verify hotplate
temperature and thus
sample temperature
Improving Sample chamber Yes
ease of use removed from the
for operators  water-bath and
reaction chamber
changed to a clamp
mechanism
Reducing Sample placed atop Yes
heating time an Al-plate in contact
for Samples  with a hotplate.
Processing a Samples no longer Yes
range of housed in a one-size
sample sizes slot-holder but laid
flat atop a hotplate.
Increase the Three different Yes
number  of chemical reservoir
chemical lines installed, one
reservoir for water, one for HF,
lines for and an un-
alternative designated one.
chemicals to
be used
- - HF Detachable HF Yes
condensation  drip-cup fitted
spitting onto to the end of
sample the inlet pipe in
surface the reaction
causing chamber to
texturing non- allow gas in but
uniformities. catch droplets.

3.3 Chapter Summary

A new HF/O3; GaPTex tool has been presented in this chapter. Issues from the prior tool
were reviewed as well as additional desirable capabilities. A new tool design was created,
implemented, and optimised to balance the desired improvements against the necessary

safety measures. The next chapter will present the texturing results using this new tool.
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4 Si Surface Chemistry and Gas-Phase Texturing

This chapter presents the first findings using the new GaPTex tool, with a focus on how the
surface chemistry of the Si substrates relates to the texturing efficacy, uniformity, and

reproducibility.
4.1 Texturing Uniformity and Reproducibility

Whilst the new GaPTex tool has the same concept of texturing Si as the prior tool
(passing an HF-O3 gas mixture across a Si surface), it was unclear if the same nominal
operating parameters would produce the same texturing results. Therefore, the texturing
recipe that produced the lowest reflectance for DWS-Si on the old tool was repeated on the
new tool. The texturing recipe is presented in Table 4.1. Three 4 cm x 4 cm specimens
were used to determine the reproducibility of the texturing recipe on the new GaPTex tool.
The samples were cut from Longi substrates using the MicroAce3 dicer machine from
LoadPoint. The water residue on the specimen surfaces from the dicer was removed with
tissue paper and no further treatment was given to samples before texturing. Figure 4.1
presents the camera images of textured samples and Figure 4.2 presents the WAR of each
sample with their corresponding standard deviation as the error bars. The WAR value for
texturing with the prior tool in Figure 4.2 is taken from M. Cohen’s thesis [183].

Table 4.1 Operating parameters of the optimal texturing recipe for DWS-Si from the prior tool.

Operating Parameter (units) Values
Processing Time (min) 20
Ozone Concentration (wt%) 20
Gas Flow Rate (L/min) 3
HF Reservoir Temperature (°C) 50
Sample Temperature (°C) 50
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Figure 4.1 Visual appearance of the three Si specimens after GaPTex, using the recipe in Table 4.1. Blue
circles indicate regions of lower reflectance to the local area. Red circles contain regions with higher
reflectance. The vertical lines on each sample are the striations from the wire-sawing process.
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Figure 4.2 The WAR of samples textured either using the GaPTex tool from prior work or the new GaPTex
tool.

Figure 4.2 shows that the surface reflectance from texturing with the old GaPTex tool
could not be reproduced on the new GaPTex tool. The WAR achieved in prior work when
using the texturing recipe in Table 4.1 was 11.7%. However, the WAR measurement from
prior work was not performed on the optical measurement set-up used in this project. The
WAR measurement was instead indirectly performed using a Filmetrics 500 light source,
an Edinburgh Instruments 2-inch diameter integrating sphere, a Thorlabs SMO5PD1A
silicon photodiode, and an ammeter. Light was directed from the Filmetrics light source,
along an optical cable into the integrating sphere where the incoming light hit the sample at

normal incidence. Post-sample interaction, light was collected at the output port of the
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integrating sphere and converted to a current via the Si photodiode, which was then
quantified by the ammeter. Current was converted to WAR by establishing a relationship
between the two parameters. WAR measurements of four samples were performed at
UNSW, the current of these four samples was then measured in the prior optical set-up.
WAR versus current was plotted for these samples and the resulting graph was used to
convert further current measurements in the project to WAR measurements. Whilst this
method allowed optical measurements to be performed within the scope of the previous
project, ultimately it was an indirect measurement of surface reflectance and thus the
precision was less than the direct optical measurements performed in this project.
Therefore, whilst the WAR of 11.7% was quoted for the best result in the prior project, there
will be an error associated with this, unfortunately this was not discussed further in the prior
work and thus cannot be quantified. When the texturing recipe from Table 4.1 was
performed with the new GaPTex tool, WAR was measured at 13.4% + 1.5% up to 23.0% +
0.5% for the three specimens. A change in WAR between the two projects by a specific
factor would not be unexpected, as the texturing tool and optical measurement set-up
changed between projects. However, what is unexpected is that the WAR of the three
samples textured in the new tool varies when the same texturing tool and optical
measurement technique was used for all three specimens. The broad variation in WAR
demonstrated in the new GaPTex tool shows a lack of texturing reproducibility between
samples in the current work.

Figure 4.1 presents the lack of texturing uniformity across the sample surfaces and
between samples. Dark spots and varying shades of grey are circled on each sample’s
surface in Figure 4.1, demonstrating the lack of visual uniformity. In addition, the pattern of
the dark spots appears random and is not reproduced between samples, thus
demonstrating a lack of texturing reproducibility between samples for the same texturing
recipe. M. Cohen does not present the uniformity of the sample that achieved 11.7% WAR
with this recipe, thus a comparison cannot be made concerning uniformity between the old
and new GaPTex tools.
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The source of the lack of reproducibility and uniformity is unclear. The change in
reflectance is not by a specific value, or a specific factor, which would have indicated a
constant change between prior and current work. In addition, the texturing pattern of dark
spots on the sample surfaces is not the same pattern on each sample surface, also
indicating an uncontrolled variable occurring between experiments. One could suggest that
the texturing tool is the source of the unaccounted parameter. However, the new GaPTex
tool was evaluated in Chapter 3 and its operation was deemed reproducible. Yet there is
one parameter that was not analysed in prior work and thus far has not been analysed in
this work: the specimens. The Longi substrates used are the same substrates used in prior
work, where difficulties were encountered with texturing reproducibility and uniformity. In
the prior work, wafers were taken from the wafer storage box and with no cleaning were
inserted into the GaPTex tool for texturing. In this work, specimen processing entailed dicing
samples using the MicroAce3 dicer, removing residual water from the dicing process with
tissue from the sample surface and then texturing the sample. In both cases, specimens
did not undergo any cleaning before texturing. Therefore, any contamination from the
manufacturer or the dicing machine was present on the surface during texturing.
Specifically considering the MicroAce3 dicer as a source of contamination, samples were
diced using a blade that was not cleaned between specimens and is used by multiple users
and research groups. Contaminants from the cutting blade would be transferred across the
entirety of the sample surface in a non-uniform distribution, as the water used to cool the
cutting blade also covers the samples. As changes in chemistry can affect the texturing
mechanism, the uncontrolled contamination from the dicer and the manufacturer could
account for the lack of texturing uniformity presented in Figure 4.1 and the lack of
reproducibility shown in Figure 4.2. Therefore, to achieve uniform and reproducible

texturing, sample surface chemistry must be investigated further.
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4.2 Texturing dependence on Si surface chemistry

4.2.1 Sample cleaning

The effect of Si surface chemistry on texturing was investigated by varying wafer cutting
methods and introducing sample cleaning. Figure 4.3 presents the processing sequence of
the six sets of samples used, each of which contains three samples. All sets were prepared
by scribing Longi substrates with a diamond-tipped pen to cleave samples from a wafer,
thus avoiding contamination from the MicroAce3 dicer. The first sample set investigated the
effect of contamination from the wafer manufacturer and therefore underwent no further
processing after scribing with the diamond-tipped pen. The remaining five sample sets each
underwent a different cleaning route to determine if texturing reproducibility and uniformity
could be improved, including acetone, acetone followed by an isopropyl alcohol (IPA) rinse,
IPA, de-ionised water, or RCAL1 followed by RCA2 with a subsequent HF dip. The cleaning
processing methods are presented in Chapter 2. After cleaning, all samples underwent the
texturing recipe presented in Table 4.1. Figure 4.4 presents the WAR for all samples,
including the specimens from section 4.1 for samples prepared using the MicroAce3 dicer
and without further cleaning. All camera images of the samples post-texturing are presented

in Appendix | and a selection of camera images is shown in Figure 4.5.
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Figure 4.3 The flowchart of the different cleaning methods investigated.
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Figure 4.4 WAR for each of the five cleaning routes tested before texturing and the two processing routes
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Figure 4.5 Camera images of samples that underwent different cleaning routes before texturing with the
recipe in Table 4.1.
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Cleaning improved texturing reproducibility and uniformity. Both sets of uncleaned
samples had the greatest lack of reproducibility, where the WAR in Figure 4.4 ranged from
13.4% * 1.5% to 23% * 0.5% for the dicer cut samples and 14.2% * 2.7% to 24% + 10.6%
for the diamond-tipped pen cut samples. The most reproducible WAR results came from
samples that were RCA cleaned before texturing, where WAR varied by 1.0% between
samples, the smallest variation in WAR for any group. RCA cleaning was the maost rigorous
cleaning performed thus the surface of the RCA cleaned samples were the least likely to
have any contamination present and the most likely to have uniform surface chemistry.
Figure 4.5 shows the RCA samples’ appearance after texturing. From visual inspection, the
random pattern of dark spots that occurred without cleaning in Figure 4.1 does not occur
for the RCA samples, indicating an improvement in texturing uniformity and reproducibility.

In comparison, the appearance of the acetone-cleaned samples in Figure 4.5 shows strong
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variations in colour from silver to black on individual sample surfaces and between the
samples. This lack of reproducibility is corroborated by the WAR results in Figure 4.4 for
acetone-cleaned samples, which range from 8.0% * 1.5% to 14.1% * 0.9%. Nevertheless,
all the cleaning routes performed improved texturing uniformity and reproducibility in
comparison to when no cleaning was performed before texturing.

The blackest samples were not the cleanest samples. Acetone cleaning produced the
darkest sample out of any processing route at 8.0% + 1.5%. Yet, these low reflectance
samples suffered a lack of uniformity and reproducibility as previously discussed. Acetone
is known to be an effective cleaner for organic contaminants, yet it is difficult to remove from
the surface, even when rinsing with further acetone. Therefore, the samples cleaned only
with acetone likely had contamination remaining on the sample surface, which was simply
redistributed across the surface during cleaning in an uncontrolled manner, causing the

variations in texturing uniformity and reproducibility.
4.2.2 Surface chemistry

To confirm the presence of surface contamination, sample surface chemistry was
analysed using X-ray photoelectron spectroscopy (XPS). The Oxford Materials
Characterisation Service performed both the XPS measurements and the subsequent
analysis to generate the surface chemical composition. The samples evaluated were Longi
substrates, cut either using a diamond-tipped pen or the MicroAce3 dicer, and neither
underwent any subsequent cleaning. The mean and standard deviation of the different
elements on the sample surface for the sample cut with the dicer is presented in Figure 4.6,
and for the sample cut with the diamond-tipped pen in Figure 4.7. The XPS spectra are

presented in Appendix I.

88



[9))]
o

BO1s
—ap [[mC1s
§40 | Si2p
O\Q 30 L I 4
Q
£ 20
i
<10}
0 1
O1s C1s Si2p
1.8 - - - - -
1.6}
14|
=12}
%
Eos|
Z04|
0.2}
0

Ca2p Nals F1s Ag3d Nis

Figure 4.6 The surface atomic composition of an uncleaned Si wafer, cut with the MicroAce3 dicer.
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Figure 4.7 The surface atomic composition of an uncleaned Si wafer, cut with a diamond-tipped pen.
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Expected and unexpected chemical species were found on both sample surfaces. From

Figure 4.6 and Figure 4.7, the expected chemical species found were: Si, O - from a native

surface oxide [204]-[206], C, N, Na, and Ca as they are accepted contamination sources
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[207]-[213], likely from handling wafers outside a Cleanroom environment. The unexpected
chemical species for the diced sample in Figure 4.6 included F, and Ag. These species are
attributed to the dicing blade being shared between research groups to cut a variety of
materials. The increase in the humber of contaminants for the diced sample compared to
the diamond-pen cut sample is likely caused by two factors. Firstly, the cooling fluid used
during dicing was not rinsed off the sample surfaces but was patted with tissue paper,
leaving residue behind on the surface. Secondly, the dicer machine is not intensively
cleaned between users, allowing different chemical species to be transferred between

samples.
4.2.3 Discussion

The reproducibility and uniformity issues surrounding GaPTex can be accounted for by
the condition of the substrate surfaces. The XPS results in Figure 4.7 have demonstrated
that the surfaces of the samples from the prior project would have had surface
contamination of Na present during texturing, as no cleaning was performed to substrates
before texturing. As this contamination was unintentional (potentially from the manufacturer
and transportation), it would have been non-uniformly distributed across a sample surface
and between samples. The subsequent texturing of such samples led to a lack of texturing
uniformity and reproducibility. When samples were cleaned in this work, both texture
uniformity and reproducibility improved, as demonstrated by the images of sample
appearance in Figure 4.5 and the WAR of cleaned samples in Figure 4.4. These
improvements to uniformity and reproducibility indicate consistently controlled texturing
variables between texturing experiments, thus the uncontrolled variable for prior work and
uncleaned samples in this work was the substrate surfaces.

Additionally, the condition of the substrate surfaces appears to change GaPTex efficacy.
The blackest sample was produced by ‘cleaning’ with acetone. As previously discussed,
acetone leaves a residue behind on the surface, thus it does not truly remove contamination

from the surface. It is possible that the acetone re-arranged chemical species and physical
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debris across the surface into a more favourable distribution for texturing, thus yielding the
lowest WAR with GaPTex thus far of 8.0% + 1.5%. However, this process was not controlled,
as cleaning with acetone also yielded a WAR of 14.1% + 0.9% on another substrate.
Therefore, it would be beneficial to GaPTex for the conditions of the substrate surface to

be controlled.
4.3 Summary

In this chapter, the importance of the Si surface chemistry to texturing was
demonstrated. Uncleaned surfaces led to poor texturing uniformity and reproducibility,
which accounted for the issues faced during the prior GaPTex project. XPS results
confirmed the presence of contamination species for the uncleaned specimens used in prior
work and this work. However, the lowest reflectance sample was achieved during acetone
cleaning, attributed to the potential redistribution of surface contamination on the sample
surface; thus, indicating that contamination may be beneficial to increasing texturing
efficacy. The next chapter will investigate a controlled introduction of a chemical species to

the wafer surface with the aim of aiding texturing efficiency, uniformity, and reproducibility.
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5 Development of a Precursor for Gas-Phase

Texturing

In the previous chapter, surface impurities were found to facilitate texturing. However,
as impurities were not distributed in a controlled manner, the resulting texture was non-
uniform and lacked texturing reproducibility between samples. In this chapter, chemical
species are deliberately introduced to the surface in a controlled manner to facilitate

GaPTex and promote texturing uniformity and reproducibility.
5.1 Utilising Chemical Species for Gas-Phase Texturing

To mimic the beneficial effect that an uncontrolled sample surfaces had on WAR in
Chapter 4, a chemical species could be intentionally introduced to the sample surface to
aid texturing. For this species to aid GaPTex, the nature of how the uncontrolled surfaces
promoted GaPTex needs to be mimicked. One method that texturing may have been aided
by was increasing the number of physical reaction sites for texturing to occur, such as
increased surface roughness [108], [214], [215], pinholes in an oxide layer, or atomic steps
on the surface [172], [216]. Therefore, the intentionally added chemical species would
ideally create roughness variations at the micro-scale. However, to achieve uniform
texturing at the macro-scale, the deposited chemical species would need to be in a
macroscopic uniform distribution on the surface. Nanoparticles can fulfil these both micro
and macro-scale requirements. A distribution of individual nanoparticles would provide non-
uniformity at the nanoscale, causing variations in the surface profile by particle height.
Furthermore, nanoparticles can be uniformly suspended in a liquid phase to create a colloid,
enabling uniform, reproducible, macro-scale texturing upon application to the surface.
Colloidal silica meets both requirements and provides additional benefits. Final device
performance would not be compromised, as the particles would either be etched away by
the HF gas during texturing or by the necessary cleaning performed before emitter

formation. Lastly, colloidal silica suspensions are cheap, non-toxic, and readily available.

92



The Kemet Col-K (NC) colloidal silica was initially chosen to apply to the surface before
texturing. It has a nominal particle size of 90 nm in diameter, but a size distribution was

confirmed by the manufacturer in the range 70 nm — 90 nm.
5.1.1 Nanoparticle Density Calculation

Using neat Col-K (NC) colloidal silica atop the Si surface prevented the reaction gases
from reaching the substrate, thus texturing could not occur. Therefore, the colloidal silica
had to be diluted to allow reaction gases to reach the surface. Yet the dilution of the colloidal
silica needed to allow for a sufficiently dense array of nanoparticles on the surface to
nucleate many texturing sites for fast surface texturing. An initial estimate of a 1 pm
separation between particle centres was used, producing, a particle density of 1
particle/um? or 108 particles/cm? across the surface. The density of the silica particles in the
colloidal silica was given in g/cm?, which therefore needed to be converted to particles/cm?
to understand the dilution needed to achieve 108 particles/cm? on the Si surface. To convert
mass to number of particles, the mass/cm? of the silica particles in the colloidal silica was

divided the mass of one silica particle:

mparticle = Vparticle X pparticle (5.1)
4 ; (5.2)

Mparticle = [gn(45 x 1077c¢m)3| x 2.65 g/cm?
Mparticle = 3.82 X 107%cm? x 2.65 g/cm? (5.3)
Mparticle = 1.01 X 1071%g (54)
_ o ) , _ colloidal silica g/cm® (5.5)

colloidal silica particles/cm> =
mparticle
1.2 g/cm3 (56)
. iy . 3 —

colloidal silica particles/cm 101 x 10554 10154

colloidal silica particles/cm® = 1.19 x 10*° particles/cm? (5.7)

Here myq,ticie i the mass of a silica particle, Vj4.ticie is the volume of a single silica particle,

Pparticle 1S the density of silicon dioxide. The silica particle diameter was taken to be 90 nm,
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the density of silicon dioxide 2.65 g/cm?, and the silica density in the colloid was quoted at
1.2 g/lcm3,

The next stage of the calculation entailed converting the colloidal silica from
particles/cm?3to particles/cm? of the desired surface density of particles on the Si surface,.
While the surface density of the particles on the Si is particles/cm?, the particles themselves
are three dimensional. Thus, to make a comparison between the two densities for dilution,
the desired particle density on the Si surface needed to be converted from particles/cm? to
particles/cm?. Continuing the 1 um separation between particles, the desired particles
density is converted to 10%? particles/cm?®. Dilution was calculated by the ratio of the

particles/cm? between the colloidal silica and the desired surface density:

o colloidal silica particles/cm3 (5.8)
dilution = - -
desired particles/cm3
o 1.19 x 10%5 particles/cm3 (59)
dilution =

1012 particles/cm3

dilution = 1190 (5.10)

The colloidal silica must be diluted by 1190 to achieve the desired particle separation of 1
um on the Si substrate surface. IPA was chosen as the solvent to dilute the colloidal silica,
as it benefits from shorter drying times and lower surface tension, thus reducing particle
movement during drying, over agueous-based solvents [217]. This solution of colloidal silica

and IPA is termed the precursor.
5.2 Precursor Application Methods

Several application methods were investigated to provide a uniform, reproducible
distribution of the precursor across the substrate surfaces, thus enabling uniform and
reproducible texturing. Detailed results are presented in section 5.2.2 for the most

successful application method, spraying the precursor onto substrate surfaces.
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5.2.1 Surveying Application methods

A proof of concept for the hypothesis that a precursor of colloidal silica and IPA aided
texturing was performed by painting the precursor onto the Si surface before texturing. An
Ox 1 wafer was used to eliminate any other contributing physical factors to texturing. Three
dilutions of the colloidal silica close to a dilution of 1190 were tested: 1:500, 1:1000 and
1:2000 of Col-K (NC) colloidal silica to IPA respectively. These precursors were made by
adding 1 ml of colloidal silica with 9 ml of IPA, thoroughly shaking for 30 seconds, before
adding 1 ml of this solution to 49 ml, 99ml, or 199 ml of IPA for the three dilutions to be
tested. The precursors were each shaken again for 30 seconds before applying them onto
the Si surface with a Winsor and Newton Series 7 real sable-hair brush, size 0.8mm. Two
controls were used. Bare Si, to determine if texturing would occur without reactive sites
present from the precursor or surface damage. Secondly, a droplet of IPA to separate the
effects of IPA and the colloidal silica in the precursor. After the three precursors and IPA
had dried on the surface, the sample was textured using the parameters given in Table 5.1.

Figure 5.1 presents the post-textured surface.

Table 5.1 The texturing conditions for determining if the precursor improved texturing efficacy.

Operating Parameter (unit) Value
HF Temperature (°C) 80
Sample Temperature (°C) 215
Ozone Concentration (Wt%) 20
Flow Rate (L/min) 1
Processing Time (min) 10

95



IPA droplet

1:500

1:2000
1:1000

.
Bare Si

Figure 5.1 A post-texturing image of Si painted with 1:500, 1:1000, or 1:2000 diluted precursor, a droplet of
IPA or a bare Si surface.

Figure 5.1 illustrates texturing occurring in the three regions where the precursors were
applied. When no reactive sites were present on the surface, no texturing visibly occurred,
as shown by the lack of texturing on the control area of the flat bare Si. Minor texturing
occurred for the IPA control, radiating from the centre of where the droplet was deposited.
The slight texturing was attributed to the trace impurities and plasticizers leaching into the
IPA from the squeezy bottle in the lab. By eliminating IPA as a significant source of texturing,
the improved texturing efficacy when using a precursor was attributed to colloidal silica.

Whilst painting the precursor showcased its success in aiding texturing, surface
uniformity was poor. Figure 5.1 shows that the brush strokes from the precursor application
are visible in all three precursor regions after texturing. To improve uniformity, samples
were dipped in the precursor. The material used was changed from Ox 1 wafers to Longi
wafers, as texturing had been established to be caused by the precursor, and not any other
surface non-uniformities. Specimens were diced using the MicroAce3 dicer machine from
LoadPoint and rinsed with IPA to remove contamination. Precursor dilutions included 1:250,
1:500, 1:2000, and 1:4000 to further test the effect of colloidal silica dilution on texturing.
Precursors were made in the same manner as for painting. The precursors were manually

shaken for 30 seconds after their preparation, before dipping specimens in with tweezers.
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One sample was tested per precursor dilution. Specimens were left to air dry before
texturing using the parameters in Table 5.1. Camera images of the textured surfaces are
shown in Figure 5.2 and the corresponding reflectance in Figure 5.3. Sample illumination
for camera images was varied between daylight and illumination with a white-bulb lamp to

best showcase sample surface uniformity for each case.

a) b)
c) d)
e)

j
Figure 5.2 Post-texturing appearance of samples dipped into the precursor with dilutions a) IPA control b)
1:250 c) 1:500 d) 1:2000 e) 1:4000.
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Figure 5.3 The post-texturing surface reflectance as a function of wavelength for samples dipped into the
precursors.
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Dipping samples into their precursor improved the texturing uniformity from painting the
precursor on the surface. No brush stroke lines were observed in Figure 5.2 for any sample,
nor was any standard deviation for reflectance greater than + 0.5% in Figure 5.3. The WAR
achieved when sample were treated with a precursor dilution of 1:250 to 1:4000 was 3.1%
*+ 0.5%, 4.2% £ 0.5%, 2.2% + 0.3%, and 2.9% * 0.4% respectively — the four lowest WARSs
achieved thus far by GaPTex. Figure 5.2 also shows variation in the texturing uniformity as
the colour of sample surfaces treated with a precursor mottled from green to dark grey and
brown to dark grey. Whilst this variation in texture uniformity was not evident in the standard
deviations in reflectance, dipping was still deemed an unsuitable application technique on
the grounds of uniformity.

Spin-coating was tested for precursor application due to its ability to apply uniform sub-
micron films [218]-[220]. Samples were cleaved from Trina 1 wafers with a diamond-tipped
pen, rinsed with IPA, and dried with compressed air. The precursor concentration range
was expanded to include more concentrated precursors, as not all the deposited material
would remain on the surface during spinning, unlike prior application methods. Precursor
dilutions included: 1:10, 1:50, 1:100, 1:250, 1:500, and 1:2000 as well as neat colloidal silica,
referred to as the ‘Neat’ precursor. The spin coater used was the Laurell WS-650MZ-
23NPPB. The spinning programme used is shown in Table 5.2. 3 ml of each precursor was
deposited onto the centre of each specimen surface in program step 1 with a pipette. The
texturing recipe used is shown in Table 5.1. Camera images of the post-textured surface
are presented in Figure 5.4. Reflectance as a function of wavelength for precursor dilutions

is shown in Figure 5.5.

Table 5.2 Spin Coater programme used to deposit The Precursor.

Program Step Spinner Velocity (RPM) Time (s)
1 500 5
2 500 15
3 2000 15
4 3000 30
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Figure 5.4 Post-texture appearance of samples which has the precursor applied via spinning a) Neat b) 1:10
c) 1:50 d) 1:100 e) 1:250 f) 1:500 g) 1:2000.
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Figure 5.5 Surface reflectance for samples with the precursor spun onto the surface for the precursor dilutions
a) 'Neat', 1:10, and 1:50 b) 1:100, 1:250, 1:500, and 1:2000.

Texturing uniformity worsened for all spin-coated samples compared to dipping. Figure
5.4 shows streaks radiating from the precursor deposition site at the sample centre for ‘Neat’
and 1:10 samples. Figure 5.4 also shows lines and dots of higher reflectivity material appear
on the surface for samples with precursor dilutions 1:100 to 1:2000. Figure 5.5 corroborates
the lack of texturing uniformity with broader standard deviations in reflectance than for prior
application techniques, from + 0.7% for 1:500 to + 2.8% for 1:100. Furthermore, WAR

increased to over 5% for all specimens, except the 1:250 precursor dilution at 4.6% + 1.2%.
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Thus, spinning was also concluded to be an unsuitable application method, both in terms

of texturing uniformity and reflectance.
5.2.2 Spraying

An alternative method to produce uniform distributions of solid particles is spray-drying
[221]-[223]. A spray nozzle is used to atomize suspensions, solutions, emulsions, or
dispersions into a fine mist. This mist is then propelled towards a surface, creating a solid
coating whilst the liquid phase evaporates. To attempt to improve the uniformity of the
precursor application, the Series 176 ViscoMist, Nozzle body configuration 4 from Lechler
Inc. was used for spraying the precursor onto specimen surfaces. The nozzle used four
inlet ports: piston, atomizing air, liquid, and fan. The liquid port supplied the desired liquid
medium, the precursor. The piston port housed the shut-off valve, allowing the liquid to pass
through from the line to the nozzle tip when 40 psi (2.7 bar) was achieved. The atomizing-
air port emitted compressed air to atomize the precursor into a mist on contact. Spray
droplet size was controlled by varying the pressure of the atomizing port. The fan port
changed the spray pattern from a cone to a flattened sheet and was not used in this work.
Push fittings were attached to all four ports, creating water and air-tight seals around the
pipes that either carried compressed air (taken directly from the pressurized air supplied to
the laboratory) for the piston and atomizer lines, or the precursor for the media line. One
pipe was used per precursor dilution. The nozzle was mounted at the top of a pyrex box
with a door, of dimensions 20 cm x 20 cm x 50 cm, allowing 156 mm x 156 mm wafers to
be sprayed. A Graseby 3400 Anaesthesia Syringe Pump supplied the precursor to the
nozzle at a constant infusion rate, from 0.1 ml/hr to 400 ml/hr in 0.1 ml increments. The
precursor was housed in a BD Plastipak 20 ml syringe, located in the syringe pump. A

schematic of the spraying unit is presented in Figure 5.6.
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Figure 5.6 Schematic of the initial set-up for spraying the precursor onto sample surfaces.

A full-sized, 156 mm x 156 mm, Trina 1 wafer was rinsed with IPA, dried with

compressed air, and then sprayed with the precursor using conditions presented in Table

5.3. Sample spray time was initiated once the spray cloud reached a maximum density

observed by the eye. After the allotted spray time, the sample was left in the spray box until

the surface appeared completely dry at ~20 minutes. The specimen was subsequently

textured with conditions presented in Table 5.4. The resulting post-texture appearance and

reflectance as a function of wavelength are shown in Figure 5.7.

Table 5.3 Spraying conditions that were used to deposit the precursor by spraying.

Precursor Spraying Parameter Value
Precursor Concentration 1:2000
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 14
Sample Spray Time (s) 20

Table 5.4 Texturing conditions used for the sample with the precursor sprayed on.

Operating Parameter Value
Processing Time (min) 20
HF Temperature (°C) 80
Flow Rate (L/min) 1
Sample Temperature 215
Ozone Concentration (Wt%) 20
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Figure 5.7a) Post-texture appearance of the first wafer with the precursor deposited via spraying b) surface
reflectance of the first wafer where the precursor was deposited via spraying.

By spraying the precursor onto the surface, the lowest reflectance was achieved thus
far. A WAR of 3.7% + 1.5% was measured from the reflectance data in Figure 5.7b). This
low reflectance was corroborated by the sample’s visual appearance presented in Figure
5.7a), which varied from dark grey at the edges, darkening to black at the sample centre.

The variation in texturing uniformity is over a greater area than for the samples used in
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section 5.2.1, thus spraying can be considered to improve texturing uniformity. However,
GaPTex is intended to be used on full-sized industrial wafers in the final application of a
solar cell; therefore, texturing uniformity must be further optimised for whole wafers.

To eliminate the variation in reflectance from the centre to the edges of the wafer, the
spraying set-up was further optimised. Spray deposition uniformity is dependent on the
variation in spray velocity across the sample surface, and therefore the separation distance
between the nozzle and the sample [224]. Thus, the darker circle of material at the wafer
centre was attributed to a greater spray velocity in the middle than the edges of the wafer,
indicating the separation distance between the nozzle and the wafer was too short. To
homogenise the spray velocity across the sample surface, the distance between the nozzle
and the sample was increased. The sprayer nozzle was mounted in a taller spray box of
dimensions 20 cm x 20 cm x 70 cm, increasing the separation distance by 20 cm. However,
upon spraying with the increased box height, the atomized IPA from the precursor
evaporated before reaching the sample surface at the bottom of the box, no longer
guaranteeing a uniform application of particles. Evaporation was minimised by installing an
IPA reservoir on the atomising line, before the nozzle. Additional upgrades to the spraying
unit included the installation of an aluminium plate shutter above the wafer. The shutter
concealed the wafer until the spray cloud achieved uniform density, whereby the shutter
was opened to reveal the wafer to the spray and closed to re-conceal it after the specific
allotted time. When moving the Al-plate, care was taken to move it to the edge of the box,
but not remove it to ensure the spray cloud was contained in the box. The upgraded
schematic of the spraying unit and an image of the spray unit are shown in Figure 5.8.
Texturing was re-attempted using a Trina 1 wafer, the same material as for the initial spray
unit, the texturing parameters from Table 5.4 and the precursor spraying parameters from

Table 5.5. Figure 5.9 presents the sample’s post-texture appearance and reflectance.
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Figure 5.8a) A schematic of the optimised spray unit, including increased box height, IPA reservoir in the
atomiser line, and the Al-plate to conceal and reveal wafers to the spray cloud b) a camera image of the

optimised spray unit.
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Table 5.5 Spraying conditions used with the optimised spray unit.

Precursor Spraying Parameter Value
Precursor Concentration 1:200
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 14
Sample Spray Time (S) 45
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Figure 5.9 a) the post-texture appearance of the wafer sprayed in the optimised spray unit b) the reflectance
of the wafer sprayed in the optimised spray unit.
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Texturing uniformity was improved by the upgraded spraying unit. Figure 5.9a) shows
the circle of lower reflectance material at the wafer centre was no longer visible and the
reflectance standard deviation in Figure 5.9b) reduced to + 1.2% from + 1.5%. Figure 5.9
additionally demonstrated a reduction in WAR, from 3.7% * 1.5%, when spraying with the
un-optimised spraying unit, to 2.5% * 1.2% with the newly optimised spray unit. Spraying
was concluded to be the best precursor application method as it provided low reflectance,
good surface uniformity, and a suitably uniform black surface to the naked eye.

Optical optimisation was attempted but halted due to variations in reproducibility in
subsequent texturing runs, as described below. Further details on the cause of the lack of
texturing reproducibility are discussed in section 5.3. Table 5.6 presents the operating
parameters and spraying conditions of three sequentially textured wafers. Figure 5.10
presents the post-texture appearance, and Figure 5.11 shows the respective surface

reflectance as a function of wavelength.

Table 5.6 Spraying conditions and texturing conditions of three sequentially textured wafers.

Operating Parameter (unit) Value
Processing Time (min) 20
HF Temperature (°C) 80
Flow Rate (L/min) 1
Sample Temperature 215
Ozone Concentration (Wt%) 20
Precursor Spraying Parameter 1
Precursor Concentration 1:200
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 1.4
Sample Spray Time (s) 45
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b)

Figure 5.10 Post-texture appearance of three sequentially textured wafers that lost reproducibility.
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Figure 5.11 Reflectance of 3 sequentially textured wafers that lost reproducibility.

Surface reflectance increased with each sequential GaPTex run, as shown by the
progressive lightening in colour from samples 1 to 3 in Figure 5.10a) to c¢). Figure 5.11
gquantifies the lightening of colour shown in Figure 5.10, where reflectance progressively
increased with each sample. Additionally, sample uniformity also became poorer with each
sequential sample, from + 0.8% for sample 1 to = 4.5% for sample 3. As the texturing kit
and the spraying unit were deemed to be fully functional, the precursor was investigated to
determine if it could account for variations between experiments. Within the precursor, the
colloidal silica settled out from the IPA, but thus far had been resolved by manually re-
dispersing it before applying the precursor to the sample surface, creating macroscopic
identical conditions between runs. However, if the precursor were to settle within the 2
minutes and 45 seconds needed to complete the entire spraying process (2 minutes to
generate a uniform spray cloud and 45 seconds to expose the wafer to the spray cloud),
the wafer would receive a non-uniform application of the precursor, creating non-uniformity
between wafers on otherwise identical texturing runs.

The settling behaviour of the colloidal silica was examined to determine if the precursor
became unstable and settled within 3 minutes. A freshly prepared precursor dilution of

1:200 (the dilution used to spray samples thus far) was made by depositing 1 ml of colloidal
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silica in 200 ml of IPA and manually shaking for 30 seconds before dispensing 10 mlinto a
vial. Vials of the precursor were imaged immediately after precursor preparation, within 3
minutes of preparation, and 1 hour after preparation, and are presented in Figure 5.12.

a b c

Figure 5.12 Settling behaviour of a precursor dilution 1:200 a) effectively immediately after preparation b) 3
mins after c) 1 hour after.

Figure 5.12 shows that the colloidal silica settled within 3 minutes of preparation, as
demonstrated by the white layer at the bottom of the vial in b). This rapid settling behaviour
indicates wafers did not receive an identical application of the precursor with each spray,
and thus the cause of reproducibility is likely due to instability in the precursor. Furthermore,
spraying is particularly susceptible to reproducibility issues with an unstable precursor.
Firstly, the spraying deposition rate is the slowest out of all tested application methods, thus
can experience the greatest amount of settling and consequentially non-uniformity between
applications. Secondly, the syringe containing the precursor for deposition is mounted
upside-down, as shown in Figure 5.8b), allowing particles to settle in the body of the syringe.

Therefore, as spraying progresses, fewer particles are transported to the spray chamber,
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making each application non-uniform. To create an entirely reproducible texturing process,

the solution parameters that could generate a stable colloid suspension were investigated.

5.3 Precursor Stability

5.3.1 Colloidal Stability Theory

Colloidal stability is determined by the ratio of particle intermolecular forces. Colloidal
particles attract one another via Van der Waals (VdW) forces, ultimately causing
sedimentation in a colloidal suspension. Particles can remain in suspension by introducing
repulsive forces between particles, such as electrostatic repulsion. Figure 5.13 illustrates
where the repulsive component between particles stems from; ions of the opposite charge
to the particle’s surface, termed counter-ions, surround each patrticle in an Electric Double
Layer (EDL). The EDL consists of two layers. The first is known as the Stern layer, where
counter-ions form an immobile layer around the particle due to their strong attraction to the
charge at the particle’s surface. These counter-ions undergo no chemical bonding with the
surface of the particles but are simply attracted to the surface by electrostatic forces. The
second layer is termed the Diffuse Layer and contains counter-ions that are still attracted
to the particle surface but are also being repulsed by the counter-ions in the Stern layer.
The ions in the Diffuse Layer are mobile and can be exchanged with ions of the same

charge as the particle moves through the solution.
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Figure 5.13 A particle in a solution, stabilised with an EDL. Immobile, positively charged counter-ions
surround the negative charge of the particle’s surface, whilst the outer layer ions are diffuse and can change
with particle motion.

A colloid’s stability is determined by the interaction between particle EDLs, which has
been modelled by Derjaguin, Landau, Verwey and Overbeek (DLVO) [225], [226]. Figure
5.14 shows a particle’s net potential energy as a function of particle separation, modelled
by DLVO theory. It should be noted for the net potential energy curve, at very short
distances Born repulsion occurs as particles cannot occupy the same physical space. Two
approaching particles will initially attract as separation distance shortens, reaching the
secondary minimum caused by VdW forces having a longer physical range. At the
secondary minimum flocculation occurs, where particles are loosely bound together in a
‘floc’ but no chemical bonds form between particles. Particles are easily re-dispersed due
to the shallow nature of the energy well. If particles are not redispersed and continue to
attract, the two diffuse layers will overlap thereby increasing the repulsive term of the
particles’ net energy, resulting in a potential energy barrier being generated between
particles. This barrier is the cause of colloidal stability as it prevents chemical bonding
between particles (agglomeration) and ultimately settling. If the barrier is of sufficient height,

particles will remain separate, and the colloid is stable. However, as barrier height reduces
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more particles will have sufficient kinetic energy to overcome it, thus falling in energy to the

primary minimum where irreversible agglomeration occurs.
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Figure 5.14 DLVO theory of the stability of two particles interacting as a function of particle separation
distance. Individual repulsion and attraction curves are shown as well as the net potential energy for particles.
Solid lines indicate the curves for a stable colloid, whilst dotted lines indicate an unstable colloid.

The potential barrier height, and thus colloid stability, is affected by the thickness of the
two particles’ interacting diffuse layers. The boundary of the diffuse layer marks where the
particle’s surface charge is neutralised, and therefore its thickness will change according to
counter-ion valency and concentration [227], [228]. For weak solutions, the diffuse layer is
large, whereas concentrated solutions cause the EDL to become compact. Figure 5.15
illustrates the effect of weak and concentrated solutions on particle stability. In weak
solutions, the separation distance is relatively large when diffuse layers overlap, such that
VdW forces are overcome by the repulsive potential barrier. However, when either counter-
ion concentration or valency increases, the diffuse layer shrinks. Diffuse layers do not
overlap until shorter separation distances, at which point the VdW term is much more
massive than the repulsive component and dominates particles’ net potential energy.
Particles are swept into the primary energy minimum, creating an unstable colloidal

suspension. Therefore, a balance of counter-ion concentration and valency must be struck
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to create a stable colloidal suspension, as both too little and too great a number of counter-

ions can cause particle agglomeration and a separated solution.
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Figure 5.15 The effect of counter-ion concentration in the bulk solution on colloidal stability a) represents the
diffuse layers for weak solutions and the corresponding thick diffuse layers at large separation distances b)
shows the overlap between diffuse layers when particles in weak solutions approach one another c) shows
the effect of concentrated bulk solutions on diffuse layers, shrinking them d) shows when patrticles approach
one another in concentrated solutions, the particles reach very short separation distances before the diffuse
layers overlap.

5.3.2 Colloidal Silica Stability

Colloidal silica’s stability as a function of counter-ion concentration has been determined
using DLVO theory [229]. Figure 5.16 presents the gelation time of colloidal silica for pH O
— 14, where long gelation times indicate high stability. Agglomeration rapidly occurs at
neutral pH where there is a lack of counter-ions to form an EDL around particles; siloxane
bonds form between particles. Considering the case of the precursor instability, pH was
measured using a Hanna Instruments HI-98100 Checker Plus pH Tester. pH was measured
as neutral, indicating there was an insufficient concentration of counter-ions to stabilise the

colloidal silica, causing particles to undergo irreversible agglomeration.
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Figure 5.16 Stability of colloidal silica in aqueous solutions as a function of pH, reproduced from W. D.
Kingery [229].

From Figure 5.16, two pH regions of colloidal stability exist for silica. True stability
occurs at pHs 8-11, where gelation time is effectively infinite when no salts are added. The
common counter-ions used for alkaline stability are NaOH or NH4sOH, where Na* or NH4*
respectively are the counter-ions in the EDL. Yet, DLVO theory does not successfully
predict all colloidal silica’s stability behaviour [230]. The secondary region of stability for
colloidal silica is located at pH 2 [231]-[233], contrasting DLVO theory where zero repulsive
charge is predicted. Instead, stability is proposed to occur by polysilicic acid forming on the

particle surface in a ‘hairy layer’ [231]-[234], demonstrated schematically in Figure 5.17.
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Figure 5.17 Schematic of how coIIondaI silica can be stabilised in acidic pHs with the formation of flexible
chains of polysilicic acid from the surface.
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5.3.3 Stable Precursor for Reproducible Gas-Phase Texturing

To determine the stability range of the precursor, the precursor pH was adjusted and
the resulting settling behaviour was monitored. Precursors with pH 2, 5, 7, and 9 were made
with solutions of NaOH, for the alkaline precursor, or H.SO, for acidic precursors. The pH
of the colloidal silica and the IPA were individually adjusted dropwise and once the desired
pH was reached for each component, they were vigorously stirred for 5 seconds, before
making a 1:200 dilution, as previously described in section 5.2.1. The precursor at pH 7
needed no adjustment from alkaline or acidic species and is the precursor that has been
used thus far in GaPTex. All precursors were manually shaken for 30 seconds and then as
quickly as possible imaged. Figure 5.18 presents the pH-adjusted precursors effectively
immediately after preparation, after 3 mins, and after 1 hour.

a) b)

Figure 5.18 pH range of colloidal silica suspensions after a) 0 mins b) 3 mins c) 1-hour settling. From left to
right within each image: pH 2, pH 5, pH 7, pH 9.
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Figure 5.18 shows the successful stabilisation of the precursor at pH 2, where no settling
was observed in the vial between the three imaging times. Settling occurred for all other
precursor pHs. The greatest amount of settling occurred for the precursor used in texturing
work thus far, pH 7, followed by precursor at pH 5 and 9.

The variation in settling behaviour across pH is accounted for by the EDL thickness
changing with dilution and pH. Figure 5.19 shows a stabilised colloidal silica particle in the
alkaline environment of undiluted colloidal silica. Na* counter-ions surround the silica
particle in the EDL, which is sufficiently thick to cause particle stability and thus
agglomeration cannot occur. By adding a small volume of the colloidal silica to the IPA, the
concentration of Na* counter-ions dilute, resulting in a thickness reduction of the EDL,
specifically the diffuse layer. In addition, the concentration of OH" ions dilute, causing the
pH to change from alkaline to neutral. Figure 5.20 demonstrates the new environment of
the colloidal silica particles with the dilution in IPA to pH 7; the diffuse layer thickness is
reduced in comparison to the stabilised silica nanopatrticles in Figure 5.19 and fewer OH
ions are present in the bulk solution. The diffuse layer is responsible for the potential barrier
height to maintain particle separation and colloid stability, as discussed in section 5.3.1.
Therefore, when the thickness of the diffuse layer is reduced, the potential barrier height
also reduces, allowing particles to fall into the primary minima and undergo agglomeration
and settling. An insufficiently thick diffuse layer accounts for all the settling behaviour

observed in Figure 5.18.
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Figure 5.19 Schematic of the alkaline stabilisation the silica particles have in the Col-K NC colloidal silica,
including the silica particle, the stern layer surrounding the particle, the diffuse layer surround the stern layer,
and the bulk solution.

Figure 5.20 Schematic of the dilution of colloidal silica particles in IPA to pH 7. Fewer OH" ions are in solution
in comparison to in un-diluted colloidal silica, thus the pH is no longer alkaline. The concentration of Na* ions
is also diluted with adding colloidal to IPA, resulting in the thinning of the diffuse layer, causing particle
separation to decrease.

Upon adding sulphuric acid to the colloidal silica and the IPA, the precursor became
stable. Figure 5.21 shows how the surface of the silica particles may have been stabilised
with the addition of sulphuric acid. Na* counter-ions likely remain close to the silica surface
in the IPA due to the strong attraction experienced between counter-ions in the stern layer
and the particle surface. The addition of acid increases the diffuse layer thickness to result
in particle stability, as observed in Figure 5.18 at pH 2. In the areas where there is a lack of

Na* counter-ions, ‘hairy legs’ of poly-silicic acid form, using Si from the surface of the
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particle to form the hydrated chain extending from the surface. The length of the poly-silicic
acts is a repulsive force barrier, extending from the surface of the Si for 1- 3 nm, increasing
the thickness of the EDL to enable particle repulsion in the acidic environment [231]-[233].
Any OH- ions from the alkaline environment of the colloidal silica likely react with the H;O*
ions from the sulphuric acid to form water molecules. G. Vigil et al. [232] formed the chains
of poly-silicic acid by exposing the silica to humid air, indicating water molecules aid in the
formation of the ‘hairy legs’ at the particle surface. Thus, the formation of water molecules
from the interaction between the OH  and H3O" ions have the potential to be aiding the
particle stabilisation. Hence the stabilisation observed at pH 2 in Figure 5.18 is a mixture of
Na* counter-ions and flexible chains of polysilicic acid extending from the silica particle

surface.

Y

Silica
Figure 5.21 Schematic of a portion of a colloidal silica surface in an acid-stabilising environment.
Texturing reproducibility was retested using the stable precursor at pH 2. Three wafers
were textured using the spraying conditions and texturing recipe from Sample 3 in Table

5.6. Figure 5.22, Figure 5.23, and Figure 5.24 present the images of the wafers post-

texturing, the reflectance as a function of wavelength, and the microstructure respectively.
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Figure 5.22 The post-texture appearance of three sequentially textured samples using the acid stabilised

precursor.

1

Reflectance (%)

W s, OO0 N0 OO

I Samlple 17+ 10
Sample 1 T
Sample 2T £ 1o
Sample 2T
Sample 3T + 1o

—Sample 3T '

7O 2N
%)

R R O A Y S S SR SR
W P EF DA FF PP

Wavelength (nm)

Figure 5.23 Reflectance of three samples textured using the acidic stabilised precursor.
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When using the stabilised precursor, samples textured uniformly, and texturing
reproducibility was recovered. Figure 5.23 shows the reflectance of the three samples is
within 1% of one another, yielding WARs of 3.5% + 0.3%, 3.2% + 0.8%, and 2.7% + 0.2%
for samples 1-3 respectively. The standard deviation of the reflectance spectra in Figure
5.23 presents the improvement in texturing uniformity, where all reflectance standard
deviations were < 1%. Figure 5.22 corroborates the improvements to texturing uniformity
where only minor imperfections of a small number of darker spots, likely from HF droplets
being flung from the drip-cup, were visually observed on the sample surfaces. Overall,
uniformity was deemed acceptable both visually as well as being within a standard deviation
variation for the reflectance of + 1.0%. With the stabilisation of the precursor, the spraying
application method has achieved the lowest reflectance, best uniformity, and reproducibility
out of any precursor application method for GaPTex.

With a reproducible process demonstrated, texture morphology was examined using
SEM. Figure 5.24 presents the microstructure in a plan view and a cross-sectional view of
typical texture areas. At low magnification in plan-view, the surface appears to be effectively
uniform as well as completely textured, except for seven islands of untextured material, as
circled in Figure 5.24a), equating to less than 0.1% of the total image area. At increased
magnification in Figure 5.24b), the texture is revealed to be unique in morphology from the
nanoscale texture morphologies presented in Chapter 1 with a nanoscale fibrous structure.
In a cross-sectional view, individual etch-pits can be seen next to the bulk Si. Their
morphology appears cylindrical with an approximately circular cross-section that does not
appear to change along the depth of the etch pit, as marked in Figure 5.24c). Moving away
from the bulk Si, etch pits increase in number, overlapping one another to create a delicate,
nanoscale texture at the surface, where surface features are the order of 10s nm, as shown
in both Figure 5.24b) and c). Figure 5.24b) also shows the total texture depth varying across
the surface, as shown by the corresponding variation in brightness of the texture features.

Using Figure 5.24c), the total texture depth is approximately 250 nm thick.
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Figure 5.24 SEM images of the microstructure of samples textured using the stabilised precursor a) top-down
view at low-magpnification, dark regions indicated with white circles b) top-down view at high-magnification c)
cross-sectional view at high magnification.

To conclude, a uniform, reproducible texturing technique has been created to texture
the entirety of a full-sized Si wafer, using an acid-stabilised colloidal silica and IPA precursor
sprayed onto the substrate surface before texturing. Using this method, surface reflectance

was reduced to approximately 3% in 10 minutes of texturing.
5.4 Process Optimisation to determine Industrial Applicability

One key aspect of developing GaPTex was determining its industrial applicability.
Minimising processing time was key, where a typical metric for batch processes is 1 second
per wafer, whilst maintaining uniformity and reflectance. Thus, the target total processing
time target for GaPTex was 16 minutes and 40 seconds (batches of up to 1000 wafers),
with the uniformity and reflectance achieved in section 5.3.3. Thus far, the GaPTex process

takes approximately 35 minutes including spraying (using the recipe from Table 5.6). A
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variety of experimental methods were trialled, but only those with significant time reduction
(1 minute or more) are presented.

Two operating parameters were found to reduce total processing time the greatest. The
first was the precursor drying time after spraying. When spray time was decreased from
45s to 10s, dry time was reduced from 20 mins to 10 mins. To maintain the number of
colloidal silica particles deposited on the substrate surface, the precursor dilution was
decreased from 1:200 to 1:50. All other processing parameters are the same as in Table
5.6. Figure 5.25 shows the sample appearance post-texture and the corresponding
reflectance. With these adjustments, neither surface reflectance nor uniformity was
compromised, achieving a WAR of 2.6% and a narrow standard deviation of + 0.2%.
Uniformity is additionally confirmed visually in Figure 5.25a), where the sample surface
appears uniform to the naked eye with no imperfections.

The second parameter to significantly reduce total processing time was texturing time.
The texturing and spraying conditions are given in Table 5.7. As reducing spray time and
increasing the concentration of the colloidal silica had already proven beneficial to reducing
total processing time whilst maintaining optical properties, both improvements were
included in the sample processing when testing the reduction in texturing time, as shown in
Table 5.7. Figure 5.25 shows the sample’s appearance post-texturing as well as its
reflectance as a function of wavelength. Decreasing texturing time from 10 mins to 2 mins
had no negative impact on the surface uniformity, as no imperfections were observed
across the sample surface in Figure 5.25b). High texturing uniformity was also
demonstrated by the small standard deviation of the reflectance spectra in Figure 5.25c),
at £ 0.3%. Anincrease in reflectance was observed for the 2 mins ‘Texture Time’ reflectance
profile in Figure 5.25c) compared to the 10 min ‘Spray Time’ reflectance curve. The
difference in reflectance was greatest at short wavelengths (~ 1% reflectance difference at
400 nm) and decreased until, at 700 nm and beyond, the reflectance profiles were
effectively equal. These changes in reflectance resulted in a small increase of WAR from
2.6% = 0.2%, when processing for 10 mins, to 3.2% + 0.3% when reducing processing time
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to 2 mins. However, this increase in WAR was still within range of the three samples that
demonstrated reproducibility with the stabilised precursor and deemed acceptable in Figure
5.23 and replotted in Figure 5.25c). Thus, the reduction in texturing time was accepted into
the optimised texturing conditions. With these two changes to the sample processing recipe,

the total processing time was reduced from 35 minutes to less than 15 mins.

Table 5.7 Spraying conditions and texturing conditions for the sample that demonstrated a decrease in
texture processing time did not negatively impact texturing.

Operating Parameter Value
Processing Time (min) 2

HF Temperature (°C) 80
Flow Rate (L/min) 1
Sample Temperature 250
Ozone Concentration (wt%) 20
Precursor Spraying Parameter Value
Precursor Concentration 1.50
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 1.4
Sample Spray Time (s) 10
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Figure 5.25 Post-texture appearance a) after decreased spray time b) after shortening texturing process time
¢) the corresponding reflectance spectrums for a) and b). Reflectance spectra from Figure 5.23 are included
for reference.

During processing time optimisation, reaction gas flow rate was found to compromise
surface uniformity and reflectance, independently of processing time. The texturing recipe
in Table 5.7 was used, varying the flow rate varied between 1 L/min and 5 L /min. Figure
5.26 presents the five post-textured surfaces of wafers from 1 L/min to 5 L/min and Figure

5.27 presents the corresponding reflectance.
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Figure 5.26 Post-texture of samples with flow rates a) 1 L/min b) 2 L/min ¢) 3 L/min d) 4 L/min e) 5 L/min.
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Figure 5.27 Reflectance of samples textured with gas flow rates 1-5 L/min.

Figure 5.27 shows that a low reflectance of 3 — 4% was achieved for all flow rates except
1 L/min, where it increased to 6%. From 400 nm — 700 nm, the reflectance of all specimens
decreases with increasing wavelength. This phenomenon could be an artifact of incomplete
texturing, as the 1 L/min specimen demonstrates a reflectance greater than 3.5%, implying
an increase in the number of regions of incomplete nanotexturing previously demonstrated
in Figure 5.24a), and also the largest change in reflectance between 400 nm - 700 nm. In
comparison, the reflectance of the other specimens in Figure 5.27 are lower, indicating
more complete nanotexturing with fewer regions of untextured material, these spectra also
exhibit a smaller change in reflectance values between 400 nm — 700 nm. Therefore, it is
plausible that the regions of untextured material contribute to decrease in reflectance
between 400 nm and 700 nm, where more untextured material correlates to a larger drop
in reflectance. Beyond 700 nm reflectance rises for all the specimens. This effect is not
uncommon to nanoscale textures and is typically an indication that the total texture depth
is shallow and thus is unable to minimise reflectance at longer wavelengths as effectively
as for short wavelengths [235]-[241]. Figure 5.26 shows sufficient surface uniformity was
only observed for lower flow rates of 1 and 2 L/min; at flow rates beyond 2 L/min, spots
marred the surface. The spotting at high flow rates is attributed to increased gas flow,
causing HF to escape the HF drip-cup and fall onto the sample surface. The flow rate of 2

L/min balanced low reflectance and high texturing uniformity with a WAR of 3.1% + 0.4%

127



and no observable spotting on the surface. Using all the texturing recipe optimisations, the
final optimised texturing recipe for high processing speed, low reflectance and consistent

uniformity is presented in Table 5.8.

Table 5.8 Optimised spraying texturing conditions for low reflectance, high uniformity, and quick processing
speed.

Operating Parameter Value
Processing Time (min) 2

HF Temperature (°C) 80
Flow Rate (L/min) 2
Sample Temperature 250
Ozone Concentration (wt%) 20
Precursor Spraying Parameter Value
Precursor Concentration 1:50
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 1.4
Sample Spray Time (S) 10

The optimisation of GaPTex presented here has not only achieved a great reduction in
WAR but also in processing time compared with prior work. In M. Cohen’s work [183], the
lowest WAR achieved on DWS material was 11.7% in 30 mins texturing time. Within this
work, WAR has been reduced to 3.1% + 0.4% in 2 mins of texturing time, a reduction of
~x4 in reflectance and x15 in texturing time against prior work. This initial optimisation has
already made GaPTex more industrially applicable, particularly with the reduction in
processing time. To further industrial applicability, future work should focus on
demonstrating HF/O3; GaPTex on multiple wafers at once.

The optical performance of GaPTex is equal to some of the best texturing techniques
for ultra-low surface reflectance. Figure 5.28 compares WAR values of a variety of B-Si
texturing techniques including MACE, RIE, F, gas-phase texturing, and HF/Os; GaPTex.
Both MACE and RIE can produce some of the lowest reflectance morphologies on Si,
commonly demonstrating ultra-low sub-5% surface reflectivity [123], [125], [126]. Typical
GaPTex is comparable to MACE, achieving approximately the same WAR in Figure 5.28,
but the champion GaPTex outperforms MACE with a WAR of 2.6% * 0.2%. RIE surpasses

GaPTex optically, achieving a WAR of 0.2%. Finally, the alternative gas-phase texturing
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techniques presented in Chapter 1 are all outperformed in terms of WAR and processing
time by HF/Os GaPTex, except for the work of B. Kafle et al. [172]. Figure 5.28 shows a
comparable WAR of F, gas-phase texturing to GaPTex of approximately 2% for the former
with an 1100 nm deep texture [172].

In addition to ultra-low reflectance, GaPTex provides processing benefits over other
nanotexturing techniques. GaPTex mitigates the drawbacks of MACE and RIE, as it does
not require the expense of noble metals, costly equipment, or more than one etching phase
to achieve ultra-low reflectance. A processing time comparison between GaPTex and F;
gas-phase texturing is difficult as the total processing time for F, gas-phase texturing was
not commented on [172], instead, sample belt speed was quoted, and the belt length was
not defined. In conclusion, GaPTex has demonstrated comparable or more desirable
processing requirements than other industrially relevant nanotexture techniques, without

any compromise to optical properties of the textured Si.
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Figure 5.28 WAR comparison of different B-Si techniques. MACE data is reproduced from J. Oh et al. [139],
RIE data is reproduced from T. Fung et al. [242], F2 gas-phase texturing data is reproduced from B. Kafle et
al. [172].

GaPTex showed sensitivity to its operating parameters during the texturing optimisation
process, therefore experimental checks had to be implemented to verify an experimental
session’s results were reproducible and meaningful. At the start of each experimental

session, a wafer was textured using the recipe presented in Table 5.8, the subsequent
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reflectivity and surface finish of the wafer indicated if any adjustments were needed to any
equipment. For example, large, seemingly random, dots on the wafer surface indicated that
HF was being spat from the drip-cup and the cup needed adjustment or emptying.
Conversely, much smaller, darker, and more regular dots indicated the sample dried too
quickly after spraying and the spray unit needed adjustment (for example, the spray nozzle
needed re-seating). Once any adjustments were made to the overall process and a sample
achieved 2-3% reflectance with a uniform surface finish, further experimental work was

deemed to be meaningful and reproducible.
5.5 Chapter Summary

In this chapter, an acid-stabilised precursor of colloidal silica in IPA was created,
enabling uniform, reproducible texturing, resulting in ultra-low reflectance from Si surfaces.
Application methods for the precursor were reviewed, and the greatest texturing uniformity
was achieved with an optimised spray-unit set-up to spray the precursor onto the substrate
surface before texturing. Texturing reproducibility was resolved with the stabilisation of the
precursor and the implementation of engineering controls at the start of each experimental
session. Additionally, GaPTex was successfully optimised for an industrial application,
where a 156 mm x 156 mm wafer was textured to 3% WAR in 2 minutes texturing time and
less than 15 minutes total processing time. Further investigations into the role the precursor

has in enabling texturing will be investigated in the next chapter.
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6 The Role of Colloidal Silica in Gas-Phase Texturing

6.1 Investigating Individual Precursor Components

Before further optimising the texture morphology of GaPTex for solar cells, the
hypothesis of the role of the precursor was verified. The hypothesis in Chapter 5 proposed
that the texturing nucleation rate could be accelerated by increasing the number of
microscopic variations on the surface. Silica nanoparticles were chosen to fulfil this role.
However, when texturing was displayed for the first time, using the non-stabilised precursor,
there were three other components in the colloidal silica aside from the silica nanopatrticles:
ethylene glycol, NaOH (Na* counter-ions around silica particles and OH" ions in the bulk
solution), and IPA. To verify that texturing was caused by the nanoparticles, the four
components of the non-stabilised precursor were split up and tested individually to isolate
their effect on texturing.

The concentrations of the isolated components were made to match their
concentrations in the Kemet Col-K NC colloidal silica. IPA used in forming the precursor
was shown in Chapter 5 to not produce significant texturing and thus was not tested further.
For nanoparticles, 2 g of fumed silica nanopatrticles were mixed with 10 ml of deionised
water to recreate the colloidal silica concentration of 200 g/L. For ethylene glycol, 1 ml of
ethylene glycol was mixed with 9 ml of deionised water concentration for a 10 vol% solution.
The entirety of the alkaline pH in the colloidal silica was attributed to NaOH, as all other
components were neutral pH. A solution of pH 10 NaOH was made from a NaOH pellet and
deionised water, and pH was measured with the Hanna Instruments HI-98100 Checker
Plus pH Tester. Each component was subsequently diluted with IPA, recreating the 1:50
colloidal silica to IPA dilution of the precursor from Chapter 5; 1 ml of each of the three
components was mixed with 50 ml IPA and shaken by hand for 30 s. 1 ml of each of the
diluted component solutions was pipetted onto three different sample surfaces and air-dried.

Substrates used were 4 cm x 4 cm from Trina 2 wafers, cleaved using a diamond-tipped
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pen, rinsed with IPA, and dried with compressed air. Samples were textured using the
conditions in Table 6.1. Sample appearance post-texturing is presented in Figure 6.1,
surface reflectance in Figure 6.2, and micrographs in Figure 6.3.

Table 6.1 Operating parameters in the texturing tool to test individual components of the precursor.

Operating Parameter Value
Processing time (min) 3

HF Temperature (°C) 80
Flow Rate (L/min) 2
Sample Temperature (°C) 250
Ozone Concentration (wt%) 20

Ethylene

SiO,
Glycol

particles

Figure 6.1 Post-texture appearance of the three individual components of the colloidal silica used in the non-
stabilised precursor.

40.
35
30 Si0; T+ 1o

Ethylene Glycol ©
—Ethylene Glycol T + 1o
NaOH =

—NaOH T+ 1o

-
(8;]

Reflectance (%)
N
o

-
o

&)}

0 I I
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 6.2 Post-texture reflectance of the three individual components of the colloidal silica used in the non-
stabilised precursor.

132



Figure 6.3 SEM images of the texture produced by the three colloidal silica components a) silica
nanopatrticles b) ethylene glycol ¢c) NaOH solution.
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In Figure 6.1, when only the silica nanoparticles were present on the surface, there was
no significant change in appearance after texturing. For ethylene glycol, the post-texture
appearance in Figure 6.1 showed trace amounts of non-uniform texturing. Contrastingly,
the sample with NaOH darkened most of the three components, where with bands of
varying reflectance radiating from the bottom left corner of the sample are visible in Figure
6.1. Figure 6.2 and Figure 6.3 corroborate the findings in Figure 6.1. The WAR for NaOH
from Figure 6.2 is less than half of the other components at 13.6% * 2.6%, while the WAR
for the SiO2 nanoparticle sample was 31.2% + 1.3% and the ethylene glycol sample was
30.9% + 0.5%. However, the WAR of the sample textured with NaOH is greater than for
samples textured with the full precursor, as evidenced in Chapter 5. Considering the
morphology of each of the three component samples, Figure 6.3a) shows effectively no
texturing occurs for the silica nanoparticle sample, as no etch-pits are observed in the
micrograph. Little texturing occurred for the ethylene glycol specimen, where a limited
number of etch-pits are indicated in Figure 6.3b). The NaOH specimen in Figure 6.3c)
shows many more etch-pits in comparison to the other two components, yet once again this
is not as many etch-pits as when the full precursor was used in Chapter 5. From testing the
non-stabilised precursor components individually, the component that appeared to aid
texturing the most was NaOH.

To corroborate the initial findings that texturing was predominantly caused by NaOH,
and not due to other precursor components or any other surface species, two further
specimens were prepared. Two substrates of 4 cm x 4 cm were cut from Trina 2 wafers
using a diamond-tipped pen. Instead of the IPA cleaning used for samples in Figure 6.1, all
specimens were cleaned with RCA1, RCA2, and a HF dip to completely remove any
chemical species on the surface that may have influenced subsequent texturing. After
cleaning, one sample underwent no further preparation before texturing. The second
sample re-tested the response of NaOH in IPA; the preparation of this specimen is the

same as described earlier in this section. Both samples were textured using the conditions
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presented in Table 6.1. Post-texturing appearance and surface reflectance are presented
in Figure 6.4 and Figure 6.5 respectively.

a)

Figure 6.4 Post-texture appearance of a) a RCA cleaned surface b) a RCA cleaned and NaOH surface.
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Figure 6.5 Post-texture reflectance of the RCA control sample and the RCA with NaOH sample.

Once more, the presence of NaOH on the Si surface induced texturing, whilst the control
sample remained unchanged. Figure 6.4 shows a darkened surface when NaOH was
present during texturing, whilst the RCA-cleaned control specimen was effectively
unchanged by the texturing process. Figure 6.5 supports these findings where WAR
remained at 34.6% + 0.6% for the control specimen, whilst reflectance decreased to 14.8%
+ 1.9% for the NaOH sample. Texturing non-uniformity again occurred when only using
NaOH as a precursor. Figure 6.4 shows the bands of varying darkness from the upper left

corner to the lower right corner for the NaOH textured sample; similar to the corresponding
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NaOH sample in Figure 6.1. However, in contrast to Figure 6.1, a horizontal band of darker
material also occurs at the top of the NaOH sample in Figure 6.4.

Thus far in this chapter, the precursor component that has a dominant effect on texturing
has been narrowed to NaOH. However, both the Na* and OH" ions in agueous NaOH do
not appear in the final, fully stabilised precursor, only Na* counter ions are present (see
section 5.3.3). To determine if only Na* ions aided texturing, fully acid stabilised precursors
with and without Na* as the counter-ion were prepared. In addition, by testing a precursor
without Na* as the counter-ion, it can be ascertained if the sum of the precursor components
that did not produce significant texturing in this chapter thus far, could produce texturing
once combined. Two acid-stabilised precursors were made as described in Chapter 2,
using two different colloidal silicas. The first precursor used colloidal silica stabilised with
ammonium counter-ions from Ludox with a particle size of 22 nm, termed AS-40 by the
company. The second precursor used the Ludox colloidal silica TM-40 with a 22 nm particle
size and Na* as the stabilising counter-ion. The particle size of AS-40 differs from the Kemet
colloidal silica used thus far in this work, thus the second precursor, TM-40, accounted for
a change in particle size, disentangling the effects of particle size and counter-ion on
texturing. Both precursors were made to a 1:50 colloidal silica to IPA dilution. Two
substrates of 4 cm x 4 cm were cut from Trina 1 wafers using a diamond-tipped pen, then
rinsed with IPA and dried with compressed air. Spraying conditions used to apply the two
precursors to the substrates are presented in Table 6.2. The texturing recipe used is
presented in Table 6.1. Post-texture appearance, surface reflectance, and micrographs of

the two specimens are presented in Figure 6.6, Figure 6.7, and Figure 6.8 respectively.
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Table 6.2 Spraying conditions of the precursors made with the colloidal silicas AS-40 and TM-40.

Precursor Spraying Parameter Value
Precursor Dilution (Colloidal Silica : IPA) 1:50
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 1.4
Sample Spray Time (S) 10

Figure 6.6 Post-texture appearance of samples sprayed with precursors containing colloidal silicas a) AS-40

b) TM-40.
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Figure 6.7 Post-texture reflectance of precursors made with AS-40 or TM-40 colloidal silicas.
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L3

Figure 6.8 SEM images of the microstructure of samples textured with colloidal silica AS-40 a) top-down view
b) cross-sectional view and with colloidal silica TM-40 c) top-down view d) cross-sectional view.

Figure 6.6, Figure 6.7, and Figure 6.8 demonstrate the ammonium counter-ion
precursor produced little to no texturing in comparison to the Na* counter-ion precursor. In
Figure 6.6, there is no apparent visual change from GaPTex when using AS-40 in the
precursor, whilst the specimen with TM-40 darkened. Figure 6.7 shows the reflectance of
the AS-40 specimen is less than a bare Si surface, at 15.5% + 0.5%, but still not as low as
when the Na* counter-ion is present, as the reflectance of the TM-40 sample was 3.5% =+
0.4%. Upon examining the microstructures in Figure 6.8, the AS-40 specimen underwent
less texturing than the TM-40 sample for the same processing time. In addition, the silica
particles on the AS-40 specimen underwent etching but were not fully etched away, as was

apparent for the TM-40 specimen.
6.1.1 Discussion

The hypothesis of the precursor promoting texturing due to nanoparticles is contradicted
by the findings shown in this chapter. Texturing became limited when only silica

nanoparticles were present on the sample surface; as shown by the lack of visual changes
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to the sample surface post-texturing in Figure 6.1, the high reflectance post-texturing in
Figure 6.2 (when compared to a GaPTex sample textured with a fully stabilised precursor
as in Chapter 5), and the effectively unchanged morphology in Figure 6.3. Contrastingly,
the component that did cause texturing provided no physical variation on the surface but
instead was a chemical. Figure 6.1 - Figure 6.3 again demonstrates texturing only occurring
when a solution of NaOH was present on the sample surface. The sample surface darkened
when NaOH was present in Figure 6.1, correspondingly, the surface reflectance for the
NaOH specimen was lower than either the silica nanoparticles or the ethylene glycol in
Figure 6.2.

However, the WAR and texturing uniformity when using only NaOH as a precursor was
poorer than when the full precursor was used to texture in Chapter 5. Figure 6.1 and Figure
6.4 demonstrate the lack of texturing uniformity for specimens textured solely with NaOH,
where bands of grey can be seen across the surface. Figure 6.2 and Figure 6.5 show that
WAR reduced to approximately 15% when texturing with NaOH, greater than the WAR
when texturing with the full precursor in Chapter 5. Two possibilities could attribute to the
increase in WAR and the lack of texturing uniformity observed: how NaOH was deposited
onto the surface and how it dried on the surface. Firstly, considering how uniform texturing
occurs, section 5.3.1 showed that Na* counter-ions in colloidal silica localise around the
silica particles in the stern layer and the diffuse layer, while OH" ions predominantly remain
in the bulk solution. When using the complete and stabilised precursor during texturing,
uniform and ultra-low reflectance textures were achieved when a uniform distribution of
nanoparticles was created on the surface. In turn, a uniform distribution of Na* was created
across the surface with the uniform distribution of the nanoparticles, as Na* counter-ions
localise around the nanoparticles in the EDL. Contrastingly, when the nanoparticles were
not present, as in the NaOH solution, the Na* ions were free to move across the surface,
thus a uniform distribution of Na® on the surface after application was no longer not
guaranteed. Secondly, the drying of the deposited solution also influenced the distribution
of Na* on the surface. In the full precursor, the Na* can be considered to be ‘anchored’ to
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the nanopatrticles, due to the electrostatic attraction between the surface of the nanoparticle
and the Na* counter-ion, thus enabling Na* to dry in a uniform distribution on the surface
alongside the nanoparticles. However, without the particles present in the NaOH solution,
there is no cause for the Na* to dry in a uniform distribution across the surface. Instead, the
ions are likely influenced by the next strongest force: the surface tension of the drying
solution. The effect of the surface tension would likely move the ions in the NaOH solution
across the surface, with the drying film, in a non-uniform manner. The non-uniform drying
of the NaOH solution accounts for the bands of dark grey present on the sample surface in
both Figure 6.1 and Figure 6.4. The bands of dark grey would also imply that texturing using
Na* is a local effect, otherwise, there would have been no change in texturing uniformity
between Na* in a uniform or non-uniform distribution on the substrate surface during
texturing.

Finally, the typical GaPTex texture morphology, when using the full precursor, was not
achieved when only the NaOH solution was present on the surface. Figure 6.3 showed the
original Si surface remained after texturing with the NaOH solution. However, nanoscale
etch-pits with a circular cross-section were present beneath the original Si surface which
was also seen when texturing with the full precursor in Chapter 5. This again indicates that
texturing can occur by NaOH, but it does not yield identical results to using the full precursor.
Thus, silica nanoparticles do not fulfil the original hypothesis of directly causing texturing,
instead this effect is attributed to the Na* counter-ions of the colloidal silica. However, silica
nanoparticles play an important supporting role to achieve high texture uniformity and the
darkest of textured surfaces.

Texturing also appeared chemically selective, specifically to Na*. The other two non-
suspension components, ethylene glycol and IPA, demonstrated only trace texturing when
isolated, demonstrated visually in Figure 6.1, microstructurally in Figure 6.3, and by a high
surface reflectance in Figure 6.2. Chemical selectivity to Na* is further supported by XPS
measurements from Chapter 4, where Na* was found as contamination on sample surfaces
that textured. The last indication texturing is specific to Na* was shown when an otherwise
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identical precursor except for the counter-ion, was used to texture. Texturing effectively
stopped when the ammonium-stabilised precursor, AS-40, was used instead of the Na*-
stabilised precursor, TM-40, as demonstrated in Figure 6.6 - Figure 6.8. Figure 6.6 visually
demonstrated that a full precursor with Na* counter-ions darkened Si to black, while an
ammonium counter-ion precursor caused little change to the surface colour from silver.
Figure 6.7 supports the findings of Figure 6.6, where the WAR of the specimen prepared
with TM-40 was 3.5% + 0.4%, typical to WARs achieved by fully stabilised precursors in
Chapter 5; however, the ammonium stabilised AS-40 precursor yielded a higher WAR of
15.5% + 0.5%, atypical from the results in Chapter 5. When texturing with AS-40, some
texture typical to GaPTex morphologies formed, as shown in Figure 6.8(a,b), but this texture
did not cover the entire surface, as was shown when Na* counter-ions were present in the
precursor in Figure 6.8(c,d), leaving areas of un-textured Si after texturing. The type of etch-
pits that formed when texturing with AS-40 were the same as when texturing with TM-40,
where they were nanoscale and circular in cross-section. The total texture depth when
using AS-40 was greatly reduced in comparison to when TM-40 was used, achieving
approximately a quarter of the total texture depth in comparison to the sample textured with
TM-40 in Figure 6.8. It may be possible if processing time was increased, for the specimen
textured with AS-40, the texture would have developed to the texture of the samples
prepared with the Na* counter-ion precursor. Finally, Figure 6.8(c,d) showed when the Na*
counter-ion colloidal silica TM-40 was used, that the typical GaPTex morphology when
using a stabilised precursor was achieved, with a typical total texture depth, feature size,
and none of the original un-etched Si surface remaining. This again supports the previous
statement that the full precursor, containing both the nanoparticles and the Na* counter-
ions, must be applied on the Si surface to cause the most uniform and lowest reflectance
textures. Thus, Na* counter-ions are the dominant effect of the precursor aiding GaPTex,
not the nanoparticles. However, the combination of the nanoparticles and Na* counter-ions

are required to achieve the darkest and most uniformly textured surfaces by GaPTex.
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Thus far Na* has been shown to be necessary for texturing to occur, but its role within
texturing has not been well defined. There are two possibilities of the type of aid Na* offers
to GaPTex. First is physical assistance to the texturing reaction, by methods such as
increasing the number of texturing reaction sites (as the nanoparticles were originally
proposed to do), such as roughening the surface. Alternatively, chemical assistance may
be offered to texturing, analogous to the difference between wet acidic chemical etching
and MACE. However, Na* cannot offer physical assistance to GaPTex. Section 1.6.1.1
demonstrated that any roughening of Si using alkali metal hydroxides relied on the
presence of OH" ions in solution, not the alkali metal cation. From section 5.3.3 it was shown
that during the preparation of the acid stabilised precursor, any OH" ions neutralised with
the HzO" ions to form water. Therefore, Na* does not physically aid GaPTex.

Instead, the role of Na* in GaPTex is likely chemically based, where its presence on the
substrate surface during texturing is necessary for significant texturing to occur. From the
experiments in this section, texturing only occurred when specimens had Na* present on
the surface; when Na* was not present on sample surfaces, texturing effectively ceased.
Considering the two halves of the texturing reaction, oxidation and oxide-etching, Na* has
been shown to aid oxide-etching. Figure 6.8(a,b) showed that the silica nanoparticles
underwent minimal etching without the presence Na* of in the reaction chamber, whilst
effectively all nanopatrticles were etched away in Figure 6.8(c,d) when Na* was present on
the surface. All these effects indicate the role of Na* in GaPTex to be chemical.

To define the chemical role of Na* in texturing further, the thermodynamics and kinetics
of GaPTex oxidation and oxide-etching reactions were considered, including the effect Na*

may have upon them.
6.2 Thermodynamics and Kinetics of Si Oxidation

To determine the spontaneity of silicon oxidation without Na*, the change in Gibbs Free

Energy (AG) was calculated for both O3 and O using the equation:
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AGreaction = AHreaction - TASreaction (6.1)

where AG,qqction 1S the change in Gibbs Free Energy of a reaction in kJ/mol, AH,cqction 1S
the change in Enthalpy of Reaction in kd/mol, T is reaction temperature in K, and AS,cqction
is the change in Entropy of Reaction in J/K.mol. Full details of the calculation are found in
Appendix Il. AG,eqction fOr oxidation using Oz or O is:

AGsi_o, = —2878.5 kJ /mol

AGs;—o, = —849.1 k] /mol
AGreqction WasS negative for both oxidation scenarios, indicating that Si oxidation is
spontaneous with either oxygen species, causing Si to exist in a lower free energy state by
oxidising. The driving force for oxidation is greater when using Os than O, as AGyeaction
was a larger negative value, indicating a greater energy reduction occurs when Os is used
to oxidise the Si surface. Thus, Na* is unlikely to affect oxidation thermodynamically, as a
driving force is already present.

Regardless of a reaction being thermodynamically favourable, it can still be prevented
from occurring to any significant extent if the kinetics are unfavourable. To assess if any
significant oxidation occurred under the texturing experimental conditions thus far, oxidation
reaction rates were examined. C. K. Fink et al. [196] demonstrated in their review of
oxidation using ozone, that oxidation rates have extreme sensitivity to temperature,
pressure, surface termination, and the ozone generator used; however, no trends were
presented in the four-parameter space. Thus, an accurate calculation of oxidation rates for
GaPTex using literature cannot be made.

To determine oxidation rates on a bare Si surface in the GaPTex tool, four 3 cm x 3 cm
samples of Trina 1 material were cleaved using a diamond-tipped pen. Samples were rinsed
in IPA and dried with a compressed air gun, then dipped in 1:10 40 wt% HF and de-ionised
water, and subsequently rinsed in de-ionised water. The surface oxide of the samples was
measured with the ellipsometer and the “0 min” measurement was used as a baseline to

measure subsequent oxide growth. One sample was left in air at room temperature as a
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control and the oxide thickness was measured after 15 mins, 30 mins, and 60 mins. The
other three samples were used to measure oxidation at elevated temperature with Oz where
samples were removed after 15 mins, 30 mins, and 60 mins for oxide growth measurements.
The recipe used for oxidising samples at high temperatures in Oz was based on the recipe
in Table 6.1 with adjustments for O3 to bypass the HF reservoirs, thus only Oz was present
in the texturing chamber. The thickness of oxide grown as a function of time is presented
in Figure 6.9. The accuracy of oxide thickness measurements was monitored using the ‘it
difference’ provided by the ellipsometer software. For all measurements, this fell within an

acceptable range of 0.0019 — 0.0025.
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Figure 6.9 Si-oxide growth of bare Si either in air at room temperature or 250 °C in Os.

The oxide growth thicknesses presented in Figure 6.9 show that SiO; no greater than 2
nm was grown with O3 at elevated temperatures. A small decrease in the oxide thickness
was observed when using O at elevated temperatures between 30 mins and 60 mins from
2 nm to 1.6 nm. This decrease is unlikely to be caused experimentally, as there were not
any species in the environment to cause etching of the surface oxide. The source of the
decrease may originate from the increased ‘it difference’ experienced for this value,
indicating more error was introduced to the measurement by the parameters of the
ellipsometer [186]. Comparing the oxide grown at high temperature with Oz to the control

sample at room temperature showed the oxide thickness of the high-temperature, Os

144



sample was greater than the room temperature control, but the greatest difference in
thickness between the two specimens was less than 1 nm.

Temperature has been shown to kinetically aid Si oxidation rates, where higher
temperatures yield thicker oxides more quickly [243]-[245]. Thus, by performing oxidation
at an elevated temperature of 250 °C, the oxidation rate should be quicker than at room
temperature. However, the increase in oxidation rates and thickness in literature are
explored at temperatures greater than 800 °C, up to 1200 °C [243]-[245], not at
temperatures as low as 250 °C. Thus, it is unknown from the literature if increasing the
temperature from room temperature to 250 °C would be sufficient to change the kinetics of
Si oxide growth for quicker oxide growth. Instead, the oxide thickness grown at 250 °C with
Os in Figure 6.9 is comparable to native oxides grown in air at room temperature for the
same time, demonstrated by S. Raider et al. [246] and C. Bohling et al. [206]. Therefore,
little to no benefit was achieved for Si oxide growth by increasing the temperature to 250 °C
and using Oz as the oxidation species over a sample at room temperature in air.
Considering the whole GaPTex reaction, the total texture depth of 200 nm after 3 mins of
texturing cannot be attained with the limited oxide growth at 250 °C with Os. Thus, without
the presence Na* on the sample surface, the surface oxidation in GaPTex appears to be

kinetically limited.
6.2.1 Na and Si Oxidation Kinetics

Na* may be increasing GaPTex efficacy by acting as an oxidation catalyst. Alkali metals
have been shown as effective oxidation catalysts for Si, being of particular interest for the
microelectronics industry in generating low temperatures gate oxides with sub-100 A
thickness [247]-[254]. The process of increasing Si oxidation involved depositing the alkali
metal atop the surface forming adatoms, where the alkali metal atoms sat atop the Si
surface in a new crystallographic layer [250], [252]. After the deposition of the alkali metal
the substrate was exposed to oxygen where the alkali metal acted as a ‘sponge’ and

absorbed up to x10°® more oxygen than a bare Si surface under the same conditions [250].
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Both the alkali metal deposition and the exposure to oxygen were performed at
temperatures as low as room temperature [250], [252]. The store of oxygen in the alkali
metal ‘sponge’ was then transferred to the Si upon heating, thus oxidising the Si surface
[250], [252]. The dissemination of oxygen from the alkali metal to the Si surface has been
shown to occur locally to the alkali metal [252]. In addition, during the heating phase, the
alkali metal entirely desorbed from the Si surface after oxygen transferal to the Si with a
flash heat of 600 °C for 3 minutes [250]. While the alkali metal coverage was shown to be
proportional to the thickness of oxide grown on the Si surface, coverages of as little as 0.15
of a monolayer have been shown to aid in Si surface oxidation [252]. At such coverages,
the alkali metal is no longer in a metallic phase, which was shown to occur at 1 monolayer
or more, but instead are isolated adatoms on the Si surface. XPS measurements have
shown at sub-monolayer alkali metal coverages of less than 0.5 of a monolayer, that it is
atomic oxygen bonding with the alkali metal adatoms on the Si surface [252]. Therefore,
even atomic alkali metals on the Si surface can greatly benefit Si oxidation.

The above literature showed benefits to Si oxidation when the alkali metal atoms were
specifically bonded to the Si surface. In GaPTex, after precursor deposition, the Na* ions
are not bonded to the substrate surface but are in solution and are attracted to the surface
of the nanoparticles. To determine if Na* ions in the precursor would aid Si-oxidation, four
3 cm x 3 cm specimens were cleaved from Trina 1 wafers using a diamond-tipped pen. All
four samples followed the same procedure as in section 6.2, but after the HF-dip and de-
ionised water rinse, the samples were sprayed using the conditions in Table 6.2, with a
spray time of 20 s. The precursor used for spraying was 0.037 M NaOH and IPA in a 1:10
respective dilution. Samples were air-dried in the spray chamber. Post-spray, surface
oxide-thickness was measured and used as the ‘0 min’ value. One sample was used as a
control in air at room temperature and the oxide thickness was measured after 15 mins, 30
mins, and 60 mins. The other three samples were individually inserted into the reaction
chamber and were removed after 15 mins, 30 mins, or 60 mins for oxide measurements.
Figure 6.10 presents the oxide growth for the room temperature, air control and the elevated
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temperature, Oz sample. the y-axis of Figure 6.10 differs from Figure 6.9, as the surface
was sprayed with NaOH, thus it is termed ‘film thickness’. The fit difference of oxide
thickness measurements slightly increased when NaOH was present to 0.0073 - 0.0190

but was still in acceptable ranges.
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Figure 6.10 Film thickness variation of a Si surface sprayed with NaOH, either at room temperature in air or
250 °Cin Os.

The presence of an alkali metal caused the film thickness to vary. The initial thickness
of the film for both samples in Figure 6.10 was much greater than the specimens in Figure
6.9. As the only difference between these two specimens is the NaOH deposited by
spraying, the additional ~ 13 nm measured at O min in Figure 6.10 is attributed to the air-
dried NaOH layer. After 15 mins of processing, the film thickness of the high-temperature,
NaOH sprayed sample reduced from 13.8 nm to 3.4 nm in Figure 6.10. This reduction in
film thickness is likely due to the elevated temperature causing any remaining IPA on the
surface to evaporate. By 30 mins, the film thickness of the NaOH sprayed sample at high
temperature has grown to a thickness of 4.3 nm and self-limits at this thickness for the last
30 mins. The increase in film thickness from 15 mins to 60 mins is attributed to oxide growth
as there are no other methods of the film thickening. The film thickness of the control sample
in Figure 6.10 remained effectively constant across the 60 mins, indicating little to no oxide

growth.
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One could argue that at high temperature, with Oz, Na* doubled the Si oxide growth, as
more than 4 nm was achieved in 60 mins in Figure 6.10 compared to an oxide thickness of
less than 2 nm for the counterpart sample in Figure 6.9 for the same time. However, the
‘oxide’ grown for the specimen at high temperature with O3 in Figure 6.10 likely still contains
Na*, as only partial desorption of Na* occurs at temperatures less than 600 °C [248]—[250].
Thus the thickness of 4 nm measured in Figure 6.10 cannot be solely attributed to silicon
oxide. Instead, the additional 2 nm measured for the high-temperature, Os specimen in
Figure 6.10 (in comparison to its counterpart in Figure 6.9), is split between additional oxide
growth and Na*. From this 2 nm, 1 nm can be contributed to oxide growth from the increase
in thickness measured between 15 mins and 30 mins in Figure 6.10, as there are no means
for the film to increase in thickness unless it is with O,/Os. Thus, the minimum oxide
thickness growth with Na* at high temperatures in Oz is 3 nm, with 1 nm possibly due to
Na*. Thus, Na* in the precursor aids surface oxidation kinetically, increasing maximum

oxide thickness grown by a factor of 1.5 to 2.
6.3 Thermodynamics and Kinetics of Si Oxide Etching

To determine the Si-oxide-etching reaction spontaneity, the equation for AG,eqction
(6.1) was applied to the oxide-etching reaction. The full calculation is found in Appendix II.
AGreqction TOr oxide-etching is:

AGoxige—etching = —94.5 kJ /mol
As AG,.qction 1S NEQative, Si oxide etching is energetically favourable to proceed in GaPTex.

To establish if the oxide-etching kinetics were impeded, SiO; etch rates of HF-vapour
etching were considered. Williams et al. [255] measured gaseous etching of SiO, with HF-
vapour at a rate of 66 nm/min by holding a piece of oxidised Si 1 cm over a dish containing
49 wt% HF at room temperature and pressure for 1 minute. Applying this oxide etch rate to
GaPTex, in 3 minutes a total depth of 198 nm of SiO- could be etched, which is analogous
to the etch depth presented in Figure 6.8d). Thus, GaPTex appears unimpeded by the

etching component of the total reaction.
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However, GaPTex should become limited at high sample temperatures, as oxide
etching with HF-vapour has been shown to only proceed if a liquid phase containing HF
forms on the substrate surface. C. R. Helmes and B. E. Deal [256] present the mechanism
of etching SiO, using HF vapour. The first phase of etching is for HF and H-O gases to
condense on the SiO; surface, where the condensed H:O is a solvent for the HF. If
condensation could not occur then no etching took place [255], [256]. In HF/O3; GaPTex,
texturing has successfully proceeded at temperatures above both boiling points of HF and
H20, where micro-droplets would not be able to form on the sample surface. This implies a
liquid phase containing HF is being stabilised on the substrate surfaces during texturing, at
temperatures above the boiling points of HF and H,O.

To understand how oxide-etching could occur at temperatures above the boiling point
of both HF and H2O in GaPTex, oxide etching was performed in the texturing reactor at
room temperature and 250 °C, with and without Na* present on the surface. Ox 2 wafers,
with a 100 nm SiO oxide atop the Si, were cleaved into four 15 mm x 15 mm samples
using a diamond-tipped pen, rinsed with IPA, and dried with compressed air. 1 ml of NaOH
(aq) at pH 10 was deposited atop the SiO, on two samples, which were then air-dried.
Samples were split into two groups, each containing a sample with and without NaOH on
the surface, where the oxide thickness was measured after etching at room temperature
for one group and at elevated temperature for the other group. The two oxide-etching
recipes used are presented in Table 6.3. Oxide thickness measurements are presented in

Table 6.4.

Table 6.3 Operating parameters in the texturing tool for testing oxidation rates at room temperature and
elevated temperatures.

Operating Parameter Value

Reaction gases No/HF No/HF
Processing time (min) 3 3

HF Temperature (°C) 80 80
Flow Rate (L/min) 2 2
Sample Temperature (°C) 250 22
Ozone Concentration (wt%) 20 20
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Table 6.4 Remaining oxide thickness, from a 100 nm thick surface oxide, after etching in HF/N2 gas with and
without NaOH on the surface.

Sample Temperature

Room Temperature 250 °C
(22 °C)
Surface No NaOH 30 nm 100 nm
Composition NaOH 70 nm 80 nm

Various thicknesses of oxide were yielded after etching from the specimen groups.
From Table 6.4, at room temperature without NaOH present, 70 nm of oxide was removed
leaving 30 nm on the surface. But with the presence of NaOH, only 30 nm was removed at
room temperature, leaving 70 nm remaining. At 250 °C, no measurable amount of oxide

was etched without NaOH present, whilst 20 nm was removed with NaOH on the surface.
6.3.1 Discussion

The presence of NaOH has been shown to allow oxide etching to occur at temperatures
beyond the boiling points of HF and H»O in GaPTex. The results from Table 6.4 illustrate
that without NaOH deposited on the surface at temperatures above the boiling point of HF
and H:0, the oxide remains effectively unetched. This lack of etching stems from the
necessary microdroplets required for etching being unable to condense on the SiO, surface
at such temperatures [255], [256]. When the temperature was below the boiling points of
HF and H;O, Table 6.4 showed that etching occurred, regardless of if NaOH was present.
At such temperatures, microdroplets from the HF vapour can condense on the surface to
enable etching. Both results agree with the etching mechanism suggested in [255], [256].
The presence of NaOH demonstrates more curious findings. At 250 °C, no liquid state
should be able to form on the surface and therefore etching should not occur. However, 20
nm of oxide was removed at high temperature when NaOH was present. In accordance
with the mechanism of HF-vapor etching [255], [256], this etching implies NaOH induces
and stabilises the necessary HF liquid phase for etching to occur at elevated temperatures.
Such a property is termed deliquescence, defined by the Britannic dictionary [257] as “The

process by which a substance absorbs moisture from the atmosphere until it dissolves in
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the absorbed water and forms a solution. Deliquescence occurs when the vapour pressure

of the solution that is formed is less than the partial pressure of water vapour in the air.”
To quantify that the vapour pressure of a NaOH solution was less than the patrtial

pressure of water in air at 250 °C to cause deliquescence, the Clausius-Clapeyron equation

was used:

l(Pz)_ AH,,ap(l 1) (6.2)
"\p,) = R \T, T,

Here T, and T, are two different temperatures, P, are P, the partial pressures of the
chemical species at T; and T, respectively, R is the gas constant, and AH,,,, is the enthalpy
of vaporisation of the chemical species in question. Full calculation details can be found in
Appendix Ill. Table 6.5 presents the partial pressures for water and NaOH at 25 °C from
[258] and [259], and patrtial pressures calculated using equation ( 6.2 ) at 250 °C.

Table 6.5 Vapour pressure for NaOH and Hz20 at 25 °C and 250 °C using the Clausius-Clapeyron equation

Temperature
25°C 250 °C
Species H-O 23.8 mm Hg 49.4 x 10° mm Hg
NaOH 1.82 x 10 mm Hg 2.86 x 10® mm Hg

Table 6.5 shows that the vapour pressure of NaOH is less than water for both
temperatures. Therefore, NaOH undergoes deliquescence at both temperatures, enabling
a H»0 liquid phase to condense on the Si surface, acting as a solvent for HF. Thus, oxide-
etching can proceed at temperatures beyond the boiling points of H.O and HF, up to at
least 250 °C. However, the deliguescence of NaOH at room temperature appears to hinder
oxide-etching in comparison to when NaOH is not present. Table 6.4 illustrates this effect,
where the total oxide etched reduced from 70 nm to 30 nm when NaOH was present. C.
Helms and B. Deal [256], suggested that HF-vapor etch rates were slowed by a reaction
production build-up in the condensed phase, limiting HF diffusion to the SiO, surface for
etching. Such an effect would account for the reduction in oxide etching when NaOH was

present at room temperature in Table 6.4.
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However, the exact form of NaOH is not present in the GaPTex precursor for oxide-
etching during texturing. Na* ions are present in the precursor, but the OH" ions in NaOH
are not present in GaPTex (see section 5.3.3). Nevertheless, the precursor must be
stabilising a liquid phase for oxide-etching to occur so that texturing is not impeded,
otherwise texturing after acid stabilisation would have remained limited and the ultra-low
reflectance surfaces in Chapter 5 would not have been possible. In addition, it was
demonstrated that Na* counter-ions specifically brought about significant oxide-etching
during GaPTex; Figure 6.8 showed the complete etching of the silica nanoparticles when
Na* counter-ions were present, whilst the silica nanoparticles remained effectively unetched
when the Na* counter-ions were not present. Na* is required in the precursor for oxide-
etching to occur in GaPTex, thus the Na* counter-ions are the dominant factor in the
stabilisation of a liquid phase on the surface.

To consider how Na* stabilises a liquid phase during GaPTex, let us first consider how
deliquescence occurs with NaOH. When water interacts with solid NaOH it undergoes the
reaction:

NaOH(s) + H,0 - Na*(aq) + OH  (aq) + H,0
The absorption of the water molecules causes the solid structure of NaOH to break apart
into the ionic components of Na* and OH" in solution. These ions stabilise the liquid phase
via electrostatic attraction between them and the absorbed water molecules. Figure 6.11
demonstrates the liquid phase stabilisation where both Na* and OH" ions are surrounded
by the water molecules in solution: Na* ions are attracted to the negative charge of the
oxygen in the water molecules, the oxygen of the water molecules are attracted to the
hydrogen of the OH- ions, and the hydrogen in the water molecules are attracted to the
oxygen of the OH" ions. Considering the GaPTex process, the majority of IPA and water
molecules likely evaporate upon heating samples in excess of 200 °C. Yet, as Na* ions are
present in the precursor, a liquid phase can be stabilised local to the Na* counter-ions.
Therefore, oxide-etching proceeds in GaPTex. It is unclear if the sample heating causes
any other processes to occur during GaPTex, such as the possibility of Na® bonding to the
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Si surface with heating. Future work should consider measurement techniques such as

XPS to confirm the electronic state of the Na* after substrate heating.
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Figure 6.11 The arrangement between water and Na* or OH" ions in solution.
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Finally, the water surrounding Na* ions may provide an additional benefit to oxide-
etching. HF can react with Na* to form NaF. However, if this were the dominant reaction,
no oxide-etching would occur and no texturing would be observed. Therefore, the dominant
reaction is unlikely to be HF reacting with Na* to form NaF. Instead, this reaction may be
prevented by the water molecules surrounding the Na* acting as a screen to the HF
absorbed into the liquid phase. Thus, NaF is prevented from forming and the dominant
reaction is HF etching the Si oxide, resulting in surface texture forming.

To conclude, Na* is unlikely to thermodynamically aid oxide-etching, instead it is likely
to be offering kinetic aid by stabilising the necessary liquid phase, via deliquescence, for

oxide-etching to occur at temperatures beyond the boiling points of HF and H20.
6.4 Chapter Summary

This chapter has further investigated the role of colloidal silica aiding GaPTex. The
original hypothesis of SiO, nanopatrticles acting as nucleation points for texturing has been
dismissed after individually testing the components of colloidal silica. Instead, the Na*
counter-ions of the precursor were revealed to induce texturing. However, uniformly
textured surfaces were only generated when using the full precursor, whereby the
nanoparticles acted to evenly distribute the Na* counter-ions across the surface. The

function of Na* in GaPTex was explored and was shown to be chemical, where it kinetically
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supported both surface oxidation and oxide-etching. The next chapter will explore the effect
GaPTex operating parameters have on the resulting morphology to optimise surface texture

for solar cells.
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7 HF/O3; Gas-Phase Texturing Microstructures

The development of GaPTex in previous chapters has demonstrated only one
morphology, and its performance in a solar cell has not been verified; there may be
alternative GaPTex microstructures that yield better final cell properties. This chapter
presents the variation in microstructural and optical properties of GaPTex, caused by
altering operating parameters. In addition, a texturing mechanism is proposed and the
impact of operating parameters on the mechanism is discussed. Operating parameters
investigated include the alkali metal of the precursor, the alkali metal concentration, sample

temperature, and O3 concentration.

7.1 Alkali Metal

7.1.1 Type

In Chapter 6, it was shown that Na* aided texturing through oxidation catalysis, as well
as supporting oxide-etching by stabilising liquid HF on the wafer surface. The other alkali
metals of group | have been documented to catalyse Si oxidation, as well as being
deliquescent [248]-[254], [260]-[263]. However, it was found that the oxidation catalysis
efficacy of the alkali metals varied with metal [248], [249], [252]. By altering the rate of one-
half of the total texturing reaction, oxidation, precursors using a different alkali metal ions
to Na* may produce a differing texture morphology.

Li, K, or Cs ions were tested in the precursor, instead of Na, to determine if they could
also produce texturing and if any alternative microstructures were produced. Trina 1 wafers
were cut into 4 cm x 4 cm specimens, rinsed with IPA and dried with compressed air.
Precursors were prepared as described in Chapter 2, using AS-40 as the colloidal silica
and solutions of LIOH, KOH, or CsOH. The final concentration of the alkali hydroxide
solution in the precursor was the same concentration as Na* in the Col-K (NC) colloidal
silica of 0.0033 M. Each precursor was sprayed onto a specimen using the conditions

shown in Table 7.1 and then textured using the operating parameters in Table 7.2. When
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discussing the effects produced by each precursor, they are referred to by their alkali metal.
The wafers used, their preparation, the spray conditions, and the texturing conditions are
the same throughout this chapter unless stated otherwise. The resulting reflectance is
presented in Figure 7.1, microstructures in a top-down view in Figure 7.2 and cross-
sectional view in Figure 7.3. Two magnifications are presented for each metal in both top-
down and cross-sectional views. Figure 7.4 shows the mean etch-pit diameter from the
cross-sectional views in Figure 7.3. Etch-pit diameter and total texture depth are calculated

as described in Chapter 2.

Table 7.1 Precursor spraying conditions.

Precursor Spraying Parameter Value
Colloidal Silica:IPA 1:50
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 1.4
Sample Spray Time (s) 10

Table 7.2 Texturing conditions

Operating Parameter Value
Processing Time (min) 3

HF Temperature (°C) 80
Flow Rate (L/min) 2
Sample Temperature 250
Ozone Concentration (wt%) 20
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Figure 7.1 Reflectance spectra for precursors made with Li, Na, K, or Cs.
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Figure 7.2 Textured surfaces using different alkali metals in the precursor in a top-down view a) Li b) Na c)
K d) Cs.
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Figure 7.3 Textured surfaces using different alkali metals in the precursor in cross-section a) Li b) Na c) K d)
Cs.
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Figure 7.4 Mean etch-pit diameters for each of the four alkali metal precursors with an error of one standard
deviation.

The other alkali metals enabled similar texturing as Na when under the same texturing
conditions. The reflectance spectra shown in Figure 7.1 shows that while Na produced the
lowest WAR at 1.8% = 0.2%, the other metals also produced reflectance reductions to Si
surfaces: Li at 3.5% + 0.2%, K with 4.9% + 0.3%, and Cs at 9.4% * 1.9%. Additionally, the
reflectance profile of the K specimen in Figure 7.1 differed from the other three metals. Its
reflectance increased with increasing wavelength, whereas the other three metal's
reflectance was approximately invariant with wavelength from 450 nm onwards. Textures
for all metals were uniform across the surface, as demonstrated by the uniform brightness
in the low-magnification images in Figure 7.2. The texturing coverage was also complete,
with no areas of untextured material. Similar texture morphologies were produced by the
other alkali metals as Na* had previously demonstrated. The high-magnification images in
Figure 7.2 showed in top-down views the alkali metals all produced the same fibrous (the
etched Si appeared to consist of thin strands, like fibres, across the surface) morphology
as Na* did, and Figure 7.3 showed the etch-pits had the same circular cross-section as
when texturing with Na*. However, there were some subtle differences. Qualitatively, at
high magnification in Figure 7.2, both Li and Cs appear the least fibrous out of the four

metals. In addition, a secondary texture occurred for K of microscale ‘waves’ with the
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nanoscale GaPTex sitting atop the ‘wave’. Furthermore, the average etch-pit diameter in
Figure 7.4 for Li was more than double the next largest average etch-pit diameter, at 37 nm
+ 10 nm. The other three alkali metals average etch-pit diameter ranged between 10 — 15
nms.

While changing the alkali metal in the precursor produced some morphological changes,
the resulting textures were approximately the same between all four metals. However, the
morphology must contribute to the variation in WAR measured in Figure 7.1. Reflection
reduction efficacy by nano-textures is dictated by the total texture depth, where deeper
textures produce lower reflectance [235]-[241], [264]. The largest total texture depth is
achieved by Li and Na, both at ~230 nm, corroborating the findings in Figure 7.1, where Li
and Na achieved the lowest WARSs out of the four metals. When measuring the total texture
depth for K, measurements from two different locations were made. The distance between
the peak and the trough of the ‘wave’ yielded ~ 240 nm, and the distance between bulk Si
and the top of the texture at a ‘wave’ peak yielded ~ 110 nm. These two measurements can
account for the variation in WAR for K observed across the wavelength spectrum in Figure
7.1. The larger texture of the ‘wave’ would enable a reduction in reflectance by multiple
photon-surface interactions, as it is too large to be considered a diffuse interface with a
gradual transition in density as nanostructures typically are. Thus, the reflectance reduction
mechanism of nanostructures cannot be applied and therefore the ultra-low reflectance of
nanostructures cannot be achieved. However, the thinner texture atop the ‘wave’ creates a
pseudo-hybrid surface texture, enabling a decrease to surface reflectance as observed in
Figure 7.1 [151]-[155]. The thinner nanotexture is shallower in depth than Li or Na, thus
cannot reduce reflectance at longer wavelengths (see section 1.4.2), therefore accounting
for the increase in reflectance observed with increasing wavelength for K in Figure 7.1. Cs
also achieved a texture depth of ~ 110 nm but no ‘wave-like’ secondary texture was
observed, thus the reflectance in Figure 7.1 is considerably higher than for the other three

metals.

160



No further than a semi-quantitative analysis can be made for total texture depth at this
time as it cannot be confirmed that the cross-sectional images are truly orthogonal to the
viewing plane to obtain accurate depth measurements of the texture. In addition, defining
what texture belongs to the immediate cleaved surface is error-prone when performed only
from SEM micrographs. The long depth of focus achieved by SEM causes texture behind
the cleaved surface to appear in focus, as though it could be part of the immediate texture
at the cleaved surface. Therefore, texture deeper into the sample, away from the cleaved
surface, could contribute to the measurement of total texture depth at the cleaved surface,
introducing inaccuracy to the measurement. To circumvent this issue, a focussed ion beam
(FIB) can be used to mill a thin slice of the sample, beyond what is possible with cleaving
using a diamond-tipped pen. To eliminate the issue of non-orthogonal viewing, manual
mounting of samples for the SEM must be discarded, as it cannot guarantee orthogonal
mounting.

Texture feature size can also impact the nanostructure reflectance reduction
mechanism. If the circular etch-pits of GaPTex became sufficiently large (hundreds of nms,
or even microns), surface texture would more closely resemble a wet, acid textured surface.
With such a texture, the diffuse interface layer nanotextures rely on to achieve ultra-low
reflectance would no longer occur and surface reflectance would increase. Thus, texture
feature-size for GaPTex needs to be taken into consideration to maintain ultra-low
reflectance. Considering the etch-pit diameters in Figure 7.4, Li has the largest etch-pit size,
followed by Cs, K, and Na with the smallest etch pit size. However, even with the largest
etch-pit size, Li maintains an ultra-low reflectance, achieving the second lowest reflectance
after Na in Figure 7.1. Thus, the etch-pit size of all the four alkali metals is sufficiently small

to maintain the diffuse nanotexture layer for ultra-low surface reflectance.
7.1.2 Concentration

The concentration of the alkali metals in the precursor was varied to determine if

texturing morphology would change. For each alkali metal, four precursors were prepared
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using AS-40 colloidal silica and alkali metal hydroxide concentrations. The alkali metal
concentrations in the four precursors were: 0.0017 M, 0.0033 M, 0.0047 M, and 0.0084 M.
The full top-down and cross-sectional views of the microstructures are presented in
Appendix IV, while a specific selection is included in Figure 7.5 and Figure 7.6. Post-

texturing WAR is presented in Figure 7.7.
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Figure 7.5 Micrographs of texturing using different concentrations of Li, Na, K, or Cs. a) top-down view using
0.0017 M Li, all other micrographs are cross-sectional b) 0.0017 M Li c) 0.0017 M Na d) 0.0033 M Na e)
0.0047 M K f) 0.0084 M Cs.
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Figure 7.6 Micrographs of texturing using different concentrations of Cs a) low-magnification using 0.0033 M
b) low-magnification using 0.0047 M c) intermediate-magnification using 0.0033 M d) intermediate-
magnification using 0.0047 M e) high-magnification using 0.0047 M f) low-magnification using 0.0084 M g)
high-magnification using 0.0047 M h) high-magnification using 0.0084 M.
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Figure 7.7 WAR as a function of varying alkali metal concentration for Li, Na, K, Cs. From lightest to darkest
in each group: 0.0017 M, 0.0033 M, 0.0047 M, 0.0084 M.
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The WAR in Figure 7.7 showed three different trends. Firstly, Li and K exhibited the
lowest WAR at 0.0033M and subsequently increased at concentrations higher and lower
than 0.0033M, where the highest WAR for both metals occurred at 0.0084 M. Secondly,
WAR for Na progressively decreased with increasing concentration. Thirdly, WAR for Cs
progressively increased with increasing concentration.

Most concentrations produced the same morphologies previously seen in section 7.1.1,
but there were some changes with concentration. The etch-pit diameter of Li reduced with
concentration from 37 nm + 10 nm at 0.0033M in Figure 7.4 to 13 nm = 2 nm at 0.0017 M
in Figure 7.5a) and b), which was within the same range as the other three metals at 0.0033
M in Figure 7.4. With regards to Na, Figure 7.5c) and d) showed that the original Si surface
did not completely etch for concentrations less than 0.0047 M. This is likely responsible for
the drop in reflectance between concentrations 0.0033 M to 0.0047 M shown in Figure 7.7.
In Figure 7.5e), K once again demonstrated the additional larger scale ‘wave-like’
microstructure. Cs also demonstrated the ‘wave-like’ structure at 0.0084 M in Figure 7.5f).
Cs produced a further two microstructural features not observed in any of the other three
metals. Figure 7.6a) - d) showed that for 0.0033 M and 0.0047 M, larger pits appeared with

approximately 400 nm in diameter. However, upon increasing the concentration to 0.0084
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M, these pits were no longer observed as shown in Figure 7.6e) and f). Figure 7.6g) and h)
showed the secondary texture of circular pits, the order of 10s nm, for concentrations
0.0047 M and 0.0084 M.

The WAR trends of all metals are dictated by the total texture depth. For Na, the total
texture depth is proportional to concentration, generating the largest texture depth at high
concentration, corresponding to the lowest WAR. Li and K present a more complex trend
between morphology and WAR, depending not only on the textured Si but the silica
nanoparticles as well. At 0.0017 M, silica particles are effectively un-etched and only a small
texture depth is generated, producing the second lowest WAR. When increasing
concentration to 0.0033M, the silica particles are still effectively un-etched but the Si texture
depth increases, producing the lowest WAR. At 0.0047 M, the silica particles undergo
greater etching, but the Si texture depth does not appear to increase, causing an increase
in WAR. At the highest concentration, the silica particles appear complete removed but
there is still no apparent increase in the Si texture depth, thus yielding the highest WAR.
The unigue morphological changes observed only for Cs with varied concentration are to
be responsible for the range of WAR at higher values than the other three metals. Na and
K produced similar microstructures across the concentration range with K structures
yielding higher reflectance. Therefore, going forwards, precursors containing K will no

longer be investigated.
7.2 Sample Temperature

Thus far GaPTex has only been performed at a sample temperature of 250 °C. Varying
processing temperature has been demonstrated to produce different texture morphologies
by other GaPTex techniques [172]-[174]. Thus, the sample temperature in GaPTex was
varied to determine if alternative microstructures were produced.

Li, Na, and Cs-based precursors were used to test variations in sample temperature
with alkali metal concentrations of 0.0033 M. Sample processing temperature was varied

in 50 °C increments from 50 °C to 250 °C. All other processing conditions were kept the
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same as presented in Table 7.2. The WAR for each temperature is presented in Figure 7.8.
A selection of the microstructures is presented in Figure 7.9 - Figure 7.13 and the full

complement of microstructures is presented in Appendix IV.
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Figure 7.8 WAR for samples processed with a precursor containing Li, Na, or Cs, processed between 50 °C
and 250 °C. Light green is Li, intermediate green Na, and dark green Cs.
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50 °C Na

Figure 7.9 Microstructures for processing at 50 °C with different alkali metals in the precursor a) Li-precursor
b) Na-precursor c) Cs-precursor i) top-down views ii) cross-sectional views.
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100 °C Li

100 °C Na

100 °C Na

100 °C Cs

Figure 7.10 Microstructures when sample processing temperature was 100 °C with different alkali metals in
the precursor a) Li-precursor b) Na-precursor ¢) Cs-precursor i) top-down views ii) cross-sectional views.
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Figure 7.11 Microstructures when sample processing temperature was 150 °C with different alkali metals in
the precursor a) Li-precursor b) Na-precursor ¢) Cs-precursor i) top-down views ii) cross-sectional views.
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Figure 7.12 Microstructures when sample processing temperature was 200 °C with different alkali metals in
the precursor a) Li-precursor b) Na-precursor i) top-down views ii) cross-sectional views.

200 °C Cs

Figure 7.13 Microstructures when sample processing temperature was 200 °C for Cs in the precursor a) top-
down views b) cross-sectional views i) low-magnification ii) high-magnification.
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Changing the sample texturing temperature caused marked variation in the
corresponding reflectance. Figure 7.8 shows that at 50 °C and 100 °C, WAR was greater
than at 250 °C and the alkali metal used did not influence the resulting reflectance. Cs was
the only one to deviate from this rule, as a lower WAR was achieved at 50 °C than at 250 °C.
The variation in WAR between all three metals at 50 °C was 2%, from 7.8% + 0.3% to 9.8%
+ 0.6%, and for 100 °C was 0.6%, from 14.6% + 1.1% to 15.2% + 0.7%. Beyond 100 °C,
the effect of different alkali metals became significant again. Figure 7.8 shows that at 150 °C,
the variation in WAR between the three metals increased to 18.8%, where Li achieved the
lowest WAR of 8.9% * 2.5% and Cs achieved the highest WAR of 27.7% + 1.2%. The
variation in WAR between the three metals reduced to 7.6% by 250 °C, from 1.8% + 0.2%
for Na to 9.8% * 1.9% for Cs. Li progressively reduced in reflectance from 100 °C, whereas
the WAR for both Na and Cs increased at 150 °C from 100 °C, but then reduced as the
temperature increased further. Both Li and Na achieved sub-5% WAR by 200 °C and by
250 °C achieved 3.1% + 0.5% and 1.8% + 0.2% respectively. Na underwent a 17.3%
decrease in WAR when the temperature was increased from 150 °C to 200 °C, the largest
change in WAR between two temperatures for any metal. From 150 °C onwards, Cs had
the greatest reflectance of the three metals, achieving the lowest WAR at 50 °C of 7.8% *
0.3%.

The corresponding microstructures aid understanding of the WAR invariance between
the three metals at lower temperatures. Figure 7.9 and Figure 7.10 show the
microstructures at < 100 °C for all three metals, which are alike but very different to the
microstructures shown thus far. Inverted square-based pyramids occur for Li and Na at
50 °C, shown in Figure 7.9a)i) and b)i). However, the individual etch-pits of Cs at 50 °C in
Figure 7.9¢)i) appear to be closer to a circle in cross-section. Li and Na presented a similar
feature size of >100 nm in Figure 7.9a)i) and b)i), while Cs feature size was <100 nm shown
in Figure 7.9c¢)i). The cross-sectional views in Figure 7.9 reveal that the etch-pits are not
truly square-based inverted pyramids at 50 °C. In cross-section, the inverted pyramid
occurs at the bottom of the etch-pit, but vertical walls occur at the top of the etch-pit.
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When increasing the temperature to 100 °C, all three metals possess similar
microstructures to one another, but with varying feature sizes. In Figure 7.10, the inverted
square-based pyramid structure appears for all metals again, where Li and Cs show an
approximate etch-pit diameter of 50 nm while Na demonstrates a smaller diameter of 20
nm. These square etch-pits also appeared at a larger scale for 100 °C, most notably
demonstrated in Figure 7.10b) for Na where the larger etch-pits were approximately 200
nm in diameter. However, as the etch-pits increased in size, the base of the larger pyramids
became irregular in shape, as observed in both images of Figure 7.10b). The cross-
sectional images in Figure 7.10 confirm the inverted square-based pyramid with vertical
walls after a certain etch depth. The similar feature size and shape between the three alkali
metals at < 100 °C accounts for the invariance in reflectance shown in Figure 7.8.

Above 100 °C, the three metals’ texture no longer resembles one another. The
microstructure of Li at 150 °C in Figure 7.11a) shows a texture resembling that seen at
50 °C, of larger square-based pyramids than achieved at 100 °C. Etch-pit diameter for Na
in Figure 7.11b)i) undergoes broadening to a typical etch-pit size up to 40 nm. Contrastingly,
Figure 7.11c)i) presents a range of feature sizes for Cs, where etch-pits less than 10 nm
and over 100 nm are observed. The corresponding cross-sectional images in Figure
7.11b)ii) and c)ii) show etch-pit depth decreasing and the etch-pit characteristic angle
broadening from the inverted pyramid observed at lower temperatures. These morphology
changes from 100 °C to 150 °C cause the increase in reflectance observed for both Na and
Cs. Reflectance reduction for nanostructures relies upon feature size being much smaller
than total texture depth, typically by an order of magnitude [235]-[241], [264]. Therefore, as
features have broadened and the total texture depth decreased with the increase in
processing temperature, reflectance can no longer be minimised as effectively, thus WAR
increases.

The microstructures in Figure 7.12 for Na and Li at 200 °C both resemble
microstructures previously seen at 250 °C in Figure 7.2 and Figure 7.3. However, Figure
7.12a)i) and b)i) show incomplete etching of the silica nanopatrticles occurs for both metals
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at 200 °C, as well as in complete etching of the original Si surface. Meanwhile, the
morphology of Cs at 200 °C in Figure 7.13 was similar to that demonstrated when the
concentration was 0.0033 M or 0.0047 M at 250 °C presented in Figure 7.6; larger etch-pits
of the order of 1 um with complete nanoscale texturing across the surface, including the
larger etch-pits. Altogether, varying the sample temperature has shown to cause significant

changes to the texturing microstructure.
7.3 O3z concentration

The effect of reaction gas composition on morphology was investigated by changing the
O3 concentration used in the reaction gas. The Oz concentration was varied at the Os-
generator by the ‘power’ setting. The power could be changed from 10% to 100%,
corresponding to a change of 10 wt% to 20 wt% Os in the output gas (where the remaining
90-80 wt% consisted of O3). O3 power settings investigated were 10%, 20%, 40%, 70% and
100%. Apart from the changes to the O3z concentration, the sample recipe was the same as
shown in Table 7.2. A control specimen was made using N» gas as a non-oxidising species
and bypassed the Os-generator, straight to the reaction chamber, all other texturing
parameters are found in Table 7.2. Only the Na-precursor was used for this investigation.
WAR for all samples is shown in Figure 7.14 while a selection of microstructures for various

O3 concentrations is shown in Figure 7.15.
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Figure 7.14 WAR for samples where Oz concentration was varied during texturing using the power setting
from 0% to 100% power and the N2 control.
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Figure 7.14 shows that varying Oz concentration only produced a small variation in WAR.
The WAR of all the Oz samples was sub-5%. However, the WAR results in Figure 7.14
demonstrated that the presence of O3 was important to providing a low surface reflectance,
as the N2 control was 19.3% + 0.4%. While there was little variation in reflectance with
changing Oz concentration, the morphology underwent several changes with Os variation.
Figure 7.15a) shows for 10% Oz power, etching occurred but it was not the typical fibrous
structure seen when 100% O3 power was used for Na precursors with this recipe. Instead,
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larger etch-pits of ~ 100 nm are seen along with unetched silica particles remaining on the
surface. Unfortunately, cross-sectional images could not be captured as the surface melted
under the electron beam, caused by the focussing of the electron beam at high
magnification [265], thus indicating a shallow total texture depth. Figure 7.15b) shows when
power was increased to 20%, the resulting morphology changed to a more complex
structure. Firstly, individual etch-pits observed in Figure 7.15b)ii) decreased in size from
those seen in Figure 7.15a)ii). Secondly, a macro-texture appears in Figure 7.15b)ii) of an
irregular shape and distribution. This secondary texture may have resulted from the further
etching of the already textured areas, deepening the structure, whilst some areas remained
un-etched. By 40% O3 power, the typical fibrous structure associated with Na precursors at
high temperatures was observed. All low magnification images in Figure 7.15 demonstrate
that, regardless of O3 concentration, texturing uniformity remained high. Some small islands
of un-etched material are seen in Figure 7.15c¢)i) for the 40% power sample, which
corresponds to the increase in standard deviation shown for WAR in Figure 7.14. However,
O3 power variation affected the etching of the silica nanoparticles. The high-magnification
micrographs in Figure 7.15 show an increase in the number of silica particles on the Si
surface as O3z power is increased. While this effect does not appear to be detrimental to
WAR, it may incur an additional cleaning step during cell manufacture to remove the silica
particles from the surface. To confirm the initial findings of varying Oz concentration in the
reaction gas future work should focus on further testing, as this preliminary study contained

one sample per O3 concentration.
7.4 Discussion and Proposed Texturing Mechanism

HF/Os; GaPTex can make different textures by varying operating parameters. The most
influential parameter, in terms of creating alternative microstructures, was found to be the
sample processing temperature. Texturing at temperatures < 100 °C produced an inverted,
square-based pyramid at the bottom of etch-pits, where the base width appeared to be

limited to a maximum size as vertical walls formed higher up the etch-pit. Pyramidal textures
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are typically associated with wet alkaline etchants for texturing Si, such as NaOH or KOH.
As alkali metals ions were present on the sample surfaces during GaPTex, from the
precursor, it is plausible that some of the effects observed for wet alkaline etchants apply
to HF/O; GaPTex. Alkaline wet etches demonstrate a temperature dependency on the
morphology produced, where lower temperatures yield upright pyramids and elevated
temperatures produce smooth surfaces [266]. This change in morphology is caused by the
different atomic arrangements between crystallographic planes [94], [266]. Each Si surface
atom on Si(100) possesses two unsatisfied surface bonds and two Si-Si per surface atom
whilst Si(111) possess one unsatisfied surface bond and three Si-Si per surface atom. The
decrease in the number of Si-Si bonds to be broken for Si(100) than Si(111) results in a
lower activation energy for etching, thus at lower temperatures, Si(100) etches quicker than
Si(111), resulting in a pyramidal texture [94]. At elevated temperatures, the higher activation
energy of Si(111) can be met; thus, etching becomes isotropic with increasing temperature
[94], [266]. HF/O3; GaPTex experiences a similar effect. Where, at lower temperatures, there
is only sufficient energy to etch Si(100), causing pyramidal textures to occur, but the
temperature is increased, etching can occur on more crystallographic planes, thus the
structure tends to isotropy at temperatures of = 200 °C. However, one difference remains
between the textures produced by GaPTex and wet alkaline etching; GaPTex produces
inverted pyramids with vertical walls, not upright random pyramids. To explain these
differences, a mechanism is proposed for HF/O; GaPTex that considers the morphology
variation with temperature.

The GaPTex mechanism is explained by a micro-droplet etching model, previously
considered in Chapter 6. Figure 7.16 shows the proposed etching model for both low and
high temperatures. In Chapter 6 it was discussed that GaPTex proceeded due to HF micro-
droplet stabilisation on the Si surface, otherwise no measurable oxide-etching occurred.
This is the first proposed stage of etching for all temperatures and is shown in Figure 7.16a).
The second stage is surface oxidation. Similar to alkaline etching Si(100) fastest at low
temperatures, alkali metal oxidation catalysis may also be limited (or preferential) to Si(100)
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at low temperature. Si(100) has double the number of unsatisfied surface bonds than
Si(111), thus double the number of sites for oxidation. Therefore oxidation could proceed
quicker on Si(100), resulting in a faster overall etch rate on Si(100) over Si(111), yielding a
pyramidal texture as shown in Figure 7.16b). At high temperatures there is no such
constraint, thus the etch-pit is hemispherical as shown in Figure 7.16c). Alkali metal
oxidation catalysis is a local effect [251], [252], [260], thus further etching is local to the
etch-pit where the alkali metal is contained, as shown by the growth of the etch-pits from
Figure 7.16i) to ii). At a certain etch-pit size, all liquid will be contained by the etch-pit, as
demonstrated in Figure 7.16ii). For the case of 50 °C and 100 °C, Figure 7.16b)ii), when
etching proceeds there will be a certain depth where the deliquesced liquid no longer
contacts the top of the etch pit; etching can continue at the bottom of the bit but no further
widening of the pyramid’s base can occur at the top of the pit. Thus, the width of the
pyramid’'s base self-limits and vertical walls occur at the top of the etch-pit, demonstrated
in Figure 7.16b)iii).

The same etching process as described for lower temperatures occurs for elevated
temperatures and is shown in Figure 7.16c). However, the constraint of etching Si(100) is
lifted, as with increased temperature there is sufficient energy to overcome the higher
activation energy of Si(111). Thus, morphology is no longer confined to pyramidal with
vertical walls. Figure 7.16c)iii) shows etching proceeding in any direction, thus the direction
of etch-pits seems random, as observed in cross-sectional images of etching = 200 °C.
Nevertheless, the same constraint of constant etch-pit width at low temperature also applies
to high-temperature etching, as the volume of deliquesced liquid within an etch-pit remains
the same. Yet etch-pit width for high and low-temperature etching is not equal. The diameter
of etch pits in cross-section at 200 C is less than the etch pits at 50 °C, shown in Figure
7.9 and Figure 7.3 respectively. This effect can be attributed to a smaller volume of liquid
being stabilised by the alkali metal at higher temperatures, as discussed and demonstrated

in Chapter 6.
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Figure 7.16 Proposed HF/O3 GaPTex mechanism as a function of temperature. Regardless of temperature,
the first stage a) shows micro-droplets forming on the surface. The etching mechanisms at b) 50 °C — 100
°C and c¢) = 200 °C. Note that c)iii) is a zoomed-out perspective; the width of the etch pit in c)ii) and iii) is
the same.

Other parameters investigated appeared to have a lesser impact on changing
morphology, such as the differing alkali metals, their concentration, and varying Os
concentration. However, all three investigations were conducted at 250 °C and alternative
effects may have occurred in concert with temperature variation. For example, by
increasing the concentration of the alkali metals at low temperatures, the size of the inverted
pyramids may have been enlarged as a greater pool of liquid could be deliquesced with
more alkali metal present. As such, these parameters should not be discarded from future

investigations.
7.5 Chapter Summary

In this chapter, it was shown that GaPTex can produce different texture morphologies
by altering operating parameters. The most significant change to texture morphology was
caused by varying sample temperature, where pyramidal textures were produced at <
100 °C. A texturing mechanism was proposed, incorporating the morphology changes
observed with sample temperature. While the optical properties of GaPTex have been well

defined thus far, an assessment of the performance of GaPTex in the final application of a

178



PERC has yet to be assessed. The next chapter will address the cell performance of

GaPTex.
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8 Solar Cells Fabricated using HF/O; Gas-Phase

Texturing

GaPTex has demonstrated excellent optical properties; however, the performance of
the texture has not been assessed in the final application of a solar cell. In this chapter,
GaPTex undergoes PERC fabrication to analyse its current industrial feasibility. PERC
fabrication was performed with the aid of the industrial facility SIRF at UNSW, thus many
of the fabrication method recipes were confidential and operating details are not included
here. The work with UNSW SIRF occurred before the texture development of Chapter 7,
thus only the high-temperature, fibrous texture was made into cells. Figure 8.1 presents
schematics of PERC, either with a front surface texture of pyramids or a nanotexture, to

illustrate the differences in cell architecture between the two textures.

a) b)
Contacts SiN,:H Contacts SiN,:H
+T + f .
n" emitter n- emitter
p-Si p-Si
p* Al,0, p* AlLO,
SRS EENE .
Contact Contact

Figure 8.1 PERC schematic using a) a pyramidal surface texture b) a nanotexture.

8.1 Emitters

The first fabrication method tested after texturing was the emitter-formation on the front
surface. Two emitter recipes were tested, both optimised to achieve the highest cell
performance when using microscale upright pyramids as the front surface texture. Firstly,
a standard PERC recipe, typically achieving a sheet resistance (Rsn) of 80 - 90 Q/o on
upright pyramids. Secondly, a lighter doping recipe, termed laser doped selective emitter

(LDSE), typically achieves a Rsn of 115 - 125 Q/o on upright pyramids. All measurements
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for LDSE were performed before the laser process and thus analysed the lighter-doped,
homogenous emitter. Emitters were formed using the Tempress TS81004 Tube Furnace
using a POCIs; source at the SIRF facility in UNSW [69]. Fourteen 156 mm x 156 mm UNSW
wafers were textured using the recipe in Table 8.1. A precursor of Col-K (NC) colloidal silica
and IPA in a 1:50 respective dilution was used for GaPTex, but due to time constraints, it
was applied to the surface using a pipette. Post-texturing, nine of the GaPTex wafers and
eighteen UNSW Control wafers underwent PERC emitter-diffusion. UNSW Control wafers
were textured with upright pyramids for the front surface texture. The remaining five
GaPTex wafers underwent LDSE diffusion. One wafer from each group was removed for
testing after the emitter-diffusion, the remainder underwent further fabrication steps. Rsh for
all three groups is presented in Figure 8.2, reflectance in Figure 8.3 with the reflectance of
the PERC pyramids coated in a SiNx:H ARC, and SEM micrographs in Figure 8.4 - Figure
8.7.

Table 8.1 GaPTex parameters used to texture wafers for cell fabrication

Operating Parameter Value
Processing Time (min) 3
HF Temperature (°C) 80
Flow Rate (L/min) 2
Sample Temperature 250
Ozone Concentration (Wt%) 20
90
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Figure 8.2 Rsh of samples after emitter-formation for PERC, LDSE emitter-diffusions on GaPTex and
pyramids.

181



w
o

: Py%arﬁids PERC 'Sile -H7Z+lo GaPTex PERCT

—Pyramids PERC SiN,: Hzx —GaPTexr PERC T+ 1o
25- GaPTer T GaPTexr LDSE T
A —GaPTex T+ 1o —~GaPTexr LDSE T £ 1o

N
o

-
o

X §
q) il
S ——
o 15 ]
5 ]
O —
o
)
o

[9)]

O L T T L
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 8.3 Front surface reflectance after emitter-formation for GaPTex with a PERC diffusion or LDSE
diffusion, as well as a reference of GaPTex prior to emitter-formation.

Figure 8.5 Microstructure of GaPTex before emitter fabrication in a) top-down and b) cross-sectional views.
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Figure 8.6 GaPTex after PERC emitter-formation in a) top-down and b) cross-sectional views in i) low-
magnification and ii) high-magnification.

Figure 8.7 GaPTex after LDSE emitter-formation in a) top-down and b) cross-sectional views a i) low-
magnification and ii) high-magnification.
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Electrical, optical, and physical changes occurred from emitter-formation. Firstly, both
Rsh values for GaPTex in Figure 8.2 were less than for the microscale pyramidal control.
The Rshn median values from Figure 8.2 were 43.20 Q/o for PERC-GaPTex, 83.47 Q/o for
pyramidal PERC, and LDSE-GaPTex was 31.80 Q/o. Secondly, Figure 8.3 showed a
reflectance increase for both GaPTex samples from the post-textured reflectance after
emitter-formation. The WAR of PERC-GaPTex increased from 3.2% + 0.2% post-texturing
to 16.7% + 0.6% post-emitter, while LDSE-GaPTex increased to 12.2% + 0.8% post-emitter.
The WAR of the PERC-pyramids with a SiNx:H ARC in Figure 8.3 was 1.7% % 0.1%. This
low reflectance is caused by the combination of the pyramids and ARC, as a typical
reflectance of bare pyramids on Si is ~ 10% [36]. Lastly, the microstructure of PERC-
GaPTex and LDSE-GaPTex in Figure 8.6 and Figure 8.7, respectively, shows a change in
texture when compared to the post-textured surface of GaPTex in Figure 8.5. Cross-
sectional images reveal a reduction in the total texture depth for post-emitter GaPTex
against the pre-emitter total texture depth. In addition, the emitter-formation process
changed texture morphology. Qualitatively, both textures in Figure 8.6 and Figure 8.7
appear smoother than the pre-emitter texture in Figure 8.5, where PERC-GaPTex appears
to have undergone greater smoothing than LDSE-GaPTex. The pyramidal control in Figure

8.4 still contains sharp pyramidal features post-emitter formation.

8.2 Surface Passivation

8.2.1 PECVD SiNx:H Passivation Post-Emitter-Formation

After fabricating the front surface emitter, the remaining wafers from section 8.1 were
passivated to minimise surface recombination. A MAIA XS PECVD tool at SIRF was used
to passivate all wafer surfaces using SiNx:H optimised for microscale upright pyramids.
Typical SiNx:H thickness on upright pyramids was quoted at 70 nm. One wafer from each
group was removed for testing after passivation, while the remainder underwent further
fabrication steps. SEM micrographs of the passivated surfaces are shown in Figure 8.8 and

corresponding effective carrier lifetimes in Figure 8.9. The SEM micrographs in Figure 8.8
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are labelled with blue arrows to indicate areas of good coating conformality with the Si
surface and orange arrows to indicate bare-Si.
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Figure 8.8 PECVD SiNx:H atop GaPTex with a) PERC emitter-diffusion b) LDSE diffusion for two different
areas and c) pyramids with a PERC emitter-diffusion. Blue arrows indicate good coating conformality
regions, orange arrows indicate poor or a lack of coating conformality.
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PERC-GaPTex PERC-Pyramids LDSE-GaPTex

Figure 8.9 Effective lifetime of GaPTex or pyramidally textured wafers with either a PERC emitter or LDSE
and SiNx:H surface passivation. Lifetime values are extracted at minority carrier densities of 1 x 1015 cm=.

Coating conformality of the PECVD SiNy:H varied for GaPTex surfaces. Figure 8.8a)
shows good cohesion across much of the surface between the passivating SiNx:H layer and
the PERC-GaPTex structure, as indicated by the blue arrows; however, there were also
areas of bare-Si present on the PERC-GaPTex, pointed out by the orange arrows. The
LDSE-GaPTex structures in Figure 8.8b) demonstrated two types of passivation schemes,
effectively full surface passivation in Figure 8.8b)i) and partial passivation in Figure 8.8b)ii)
with bare-Si etch-pits beneath the surface. The passivation morphology for both GaPTex
structures results in a ‘ball-pit’ like structure on top, where rounded features can be seen
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most clearly in Figure 8.8a) and b)i). The passivation for the pyramidal control in Figure
8.8c) appeared to be complete with no bare-Si. The corresponding effective lifetimes in
Figure 8.9 corroborate the findings from Figure 8.8 with respect to passivation-surface
coating conformality; PERC pyramids achieved the highest lifetime with a median of 60.9

ps followed by LDSE-GaPTex at 27.2 ps and PERC-GaPTex at 10.0 ps.
8.2.2 ALD AlOy Passivation Post-Texturing

Surface passivation for nano-textures can be improved by using ALD, as its layer-by-
layer deposition enables coating conformality of high-aspect-ratio textures [52], [267], [268].
Jo was extracted to determine surface passivation efficacy, and higher quality material was
used so that samples were limited by the surface recombination, not by bulk recombination.
N-type, 10 Q.cm wafers were cleaved into 4 cm x 4 cm specimens using a diamond-tipped
pen, sprayed with the precursor using the conditions in Table 8.2, and textured using the
recipe in Table 8.1. This was the first use of GaPTex on n-type material. The morphology
of n-type and p-type textured with GaPTex was the same, indicating dopant type did not
affect the texturing process. The control was a flat, untextured surface. Warwick University
used an Ultratech Fiji plasma-enhanced ALD tool to apply a thin film of Al,Os for surface
passivation. All samples were cleaned using an RCA2 for 10 mins, dipped in 2 wt% HF for
1 min, and rinsed with de-ionised water. The ALD performed used 200 cycles to generate
a 20 — 25 nm thick Al,O3 at 200 °C with O, plasma. All samples were then heated to 440 °C
in air for 30 mins. The mean effective carrier lifetime and Jo values are presented in Table
8.3 with their respective standard deviations, as well as the champion values for GaPTex.

The microstructure in top-down and cross-sectional views are presented in Figure 8.10.

Table 8.2 Precursor spraying conditions.

Precursor Spraying Parameter Value
Precursor Concentration 1:50
Infusion Rate (ml/hr) 400
Atomising Pressure (bar) 1.4
Sample Spray Time (s) 10
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Table 8.3 Mean and champion values for effective carrier lifetime and Jo for the ALD passivated GaPTex
samples and control specimen.

Mean Tess Champion Tes Mean Jo Champion Jo

(us) (us) (fA/lcm?) (fA/cm?)
GaPTex 256.8 +43.2 315.2 32.95+2.08 30.89
Control - 851.5 - 2.82

a)

Figure 8.10 ALD passivated GaPTex for a) control b) GaPTex in top-down view and ¢) GaPTex in cross-
sectional view.

Figure 8.10 shows Al.Oz passivation successfully adhering to an increased proportion
of the surface in comparison to PECVD passivation. ALD Al,Os; was able to passivate many
of the deeper etch-pits occurring into the bulk-Si, as indicated in Figure 8.10c), which
PECVD was unable to do. Figure 8.10b) shows the same ‘ball-pit’ structure occurred for

ALD passivation as did for PECVD passivation. Figure 8.10a) shows ALD completely
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adhering to the smooth control surface, where Al,O3 thickness was measured at 23 nm + 2

nm. Table 8.3 shows the corresponding lifetime values to the micrographs in Figure 8.10,

where GaPTex achieved an average Jo of 32.95 + 2.08 fA/cm? and a champion value of

30.89 fA/cm?, while the flat control specimen achieved a Jo of 2.82 fA/cm?2. A direct

comparison cannot be made between the lifetimes using PECVD passivation presented in

Figure 8.9 and the lifetimes using ALD passivation in Table 8.3, as two variables were

altered. The first variable altered was the type of passivation scheme, which affects the

surface lifetime component of the total lifetime. In addition, the bulk lifetime component was

also altered between experiments due to the change in material type and resistivity. Thus,

a direct comparison of lifetime cannot be made between the two passivation experiments,

as two variables were altered that both affect the total lifetime.

8.3 Final PERC Devices

The remaining wafers from section 8.2.1 underwent the final stages of PERC fabrication

at SIRF. EQE and front surface reflectance are presented in Figure 8.11. Figure 8.12 shows

cell Js¢, Vo, efficiency, FF, pseudo-FF (pFF), series resistance (Rs), and shunt resistance

(Rshunt) for GaPTex and the pyramidal control wafers.
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Figure 8.11 EQE and front surface reflectance for PERC made using GaPTex and upright pyramids.
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The results in Figure 8.12 show that PERC-GaPTex cell properties are inferior, yet of
moderate level considering this was the first unoptimized cell fabrication. From Figure 8.12,
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the median values of PERC-GaPTex for efficiency, Js., and Vo are 17.24%, 34.4 mA/cm?,
and 634.3 mV respectively. In addition, the FF presented in Figure 8.12d) shows that the
median for GaPTex is greater than for upright pyramids at 78.90% and 78.10% respectively.
However, the spread of data for FF, shown by the increased boxplot range in Figure 8.12d),
is approximately four times that of the upright pyramids, exceeding both the smallest and
largest values of FF for the upright pyramids. Thus, whilst the median FF for GaPTex is
greater than for the upright pyramids there are still GaPTex specimens where the FF is less
than any of the pyramidal specimens. This spread in data is likely caused by the precursor
application in the GaPTex process, where the precursor was deposited onto the substrate
surface via manual pipetting. Therefore, a uniform distribution of the precursor across the
surface was not guaranteed, causing variations in the subsequent texturing uniformity,
hence making a variation in cell properties more likely than the pyramidal counterpart. For
pFF in Figure 8.12¢), the median values are approximately equal where GaPTex has a
slightly larger pFF of 82.80% while the pyramids median value is 82.63%. Yet unlike FF,
the spread of both data sets for pFF are similar in size, where GaPTex is approximately
half that of upright pyramids. For Rs in Figure 8.12f), the trend reverses where the GaPTex
median is less than the pyramids with 0.809 Q.cm?, while the upright pyramids yield 0.862
Q.cm?. The data range for Rs mimics the trend of FF, where the data spread of GaPTex is
more than three times that of the pyramids. Finally, GaPTex presents lower Rsnunt Values
than pyramids in Figure 8.12g), where the GaPTex median is 3598 Q.cm? and pyramidal
median 19,500 Q.cm?. Contrastingly to FF and Rs, the data spread in Rshunt for GaPTex is
small, 1378 - 5211 Q.cm?, whilst the pyramids have a large spread, 7793 - 41,630 Q.cm?.
Both GaPTex and pyramids had similar reflectance and EQE responses with respect to
wavelength in Figure 8.11. Both GaPTex and pyramids demonstrate increased reflectance
at short (<450 nm) and long (>1000 nm) wavelengths in comparison to the wavelengths
between (450 — 1000 nm). However, while both reflectance curves are approximately equal
in shape, there is a difference in the absolute values. GaPTex reflectance in Figure 8.11 is
less than pyramids for wavelengths < 400 nm and 1000 — 1100 nm, but between 400 nm
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and 800 nm, GaPTex reflectance is greater than pyramids. At ~ 800 - 1000 nm, both
reflectance’ are effectively equal. A similar trend is observed for EQE in Figure 8.11. Both
EQE curves have lower efficiency at short and long wavelengths whilst increasing the EQE
efficiency at the wavelengths between. However, GaPTex EQE is less than that of the
pyramids for effectively the whole spectra, except for ~ 800 - 900 nm where the two EQESs

are approximately equal.
8.4 Discussion

To understand the difference in morphological and electrical results between the two
different textures and emitter recipes, the mechanism of doping using a POCI; source must
be examined. Gases of POCI; and O; are used to form a liquid phosphosilicate-glass (PSG)
on the Si surface, surrounding all topographical features [269]. The drive-in of dopant atoms
is performed after PSG-formation, where the temperature is increased to enable
phosphorous diffusion from the PSG into the Si according to:

2P,05(1) + 5Si(s) — 55i0,(s) + 4P(s) (8.1)

After the drive-in, the surface is cleaned with HF to remove the PSG and SiO,. The
reduction in doping for a LDSE recipe is caused by increasing the oxide thickness, through
an oxidation step before forming the PSG, or by reducing the temperature of the drive-in
stage. Figure 8.13 presents the PSG formation, drive-in, and cleaning stages on pyramids
and GaPTex for a PERC emitter diffusion on both textures and a LDSE diffusion on GaPTex.

For the same emitter recipe, nanostructures will undergo enhanced doping compared
to microstructures. Due to the increase in surface area, nanostructures have a higher
number of PSG/Si interfaces per unit volume, enabling a greater number of phosphorous
atoms to diffuse into the nano-texture [143], [268], [270], [271]. Increased phosphorous
doping reduces Rsn, as it is inversely proportional to carrier concentration (N), as shown by
equation ( 8.2) in terms of carrier mobility (1), charge (q), and emitter thickness (t). Carrier
mobility has been shown to decrease with increasing doping density, which would increase

Rsh, but such changes are orders of magnitude less than carrier concentration, making the
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latter the dominant term for Rgy, in this case [31]. As a result, both emitter recipes yielded

lower Rsh for GaPTex in comparison to the pyramidal control.

R =2 [ ae = L] (02)
qJo uN qluNl,

The two different emitter recipes used on GaPTex caused differing morphological and
electrical results. The supposedly lighter doping of the LDSE recipe yielded a lower Rsh than
the PERC emitter counterpart in Figure 8.2. Additionally, the LDSE recipe produced a
rougher surface on GaPTex than PERC, shown by the micrographs in Figure 8.6 and Figure
8.7, corresponding to a lower reflectance for LDSE-GaPTex than PERC-GaPTex in Figure
8.3. These effects are all accounted for by the differences in the emitter recipes between
PERC and LDSE. The oxidation of Si during emitter formation is dependent on processing
conditions but is typically of the order of <10 nm [272], thus accounting for the smoothing
effect observed in Figure 8.6, as the surface feature size is of an equivalent scale. The
rougher texture after LDSE diffusion on GaPTex Si in Figure 8.7 - than after a PERC
emitter-diffusion in Figure 8.6 - indicates that less of the surface was oxidised during LDSE
diffusion, thus the more fibrous GaPTex features remain. Figure 8.13c)ii) shows that as less
of the surface was oxidised with the LDSE emitter recipe, an increased amount of radial
diffusion of phosphorous, from the PSG into the Si, occurs. This increased doping accounts
for the lower Rsh measured for LDSE-GaPTex in Figure 8.2, while the reduction in surface

oxidation accounts for the lower reflectance in Figure 8.3.
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a)i) b)i) c)i)

a)ii) b)ii) 0)ii)

Original Si/PSG
interface

Original Si/PSG Original Si/PSG
interface interface Sio,
PSG

PSG

a)iii)

o))

Figure 8.13 Emitter-formation for a) microscale pyramids b) GaPTex with a PERC diffusion and c) GaPTex
with a LDSE for the three steps of i) PSG deposition ii) phosphorous drive-in ii) final doped surface.

The lifetime results from SiNy:H surface passivation for PERC-GaPTex and LDSE-
GaPTex are the result of three competing effects. Firstly, the increased doping from emitter-
formation for both GaPTex structures is likely sufficient to cause Auger recombination at
the surface. B-Si structures can yield doping concentrations >10*° cm3, which makes Auger
recombination likely to become a dominant factor to carrier lifetime [31], [143]. Secondly,
Figure 8.8 shows regions of bare Si surfaces for both GaPTex samples after surface
passivation. Incomplete surface passivation is not uncommon for nano-texture passivation
when using PECVD. Y. Liu et al [122] and X. Ye et al [143] demonstrate the same lack of
coating conformality between nano-textures and PECVD SiNx:H, where the SiNxH is
unable to passivate the bottom of the etch-pits and only coats the top of the nanostructure.
Increased Auger, and surface recombination account for the reduction in the lifetime of both
GaPTex samples compared to the lifetime for pyramids in Figure 8.9. However, LDSE-

GaPTex has a higher lifetime than PERC-GaPTex in Figure 8.9, even though the doping is
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higher for LDSE-GaPTex, as demonstrated by Rs, in Figure 8.2. The third competing effect
contributing to lifetime, responsible for the difference in lifetime between the two GaPTex
emitter recipes, is field-effect passivation (FEP). Due to the increased surface area of B-Si
over other textures, the effective surface charge density from the passivation layer is larger
for B-Si than either a flat surface or micro-textures. Thus, the surface passivation of B-Si
generates an electric field sufficient to repel carriers away from the surface for
recombination [141], [142]. As more of the texture survived emitter-formation for LDSE-
GaPTex than PERC-GaPTex, FEP would be enhanced, causing the increase in lifetime
exhibited for LDSE-GaPTex in Figure 8.9.

ALD passivation almost entirely overcame the conformality limitations of PECVD
passivation for GaPTex. Due to monolayer deposition caused by self-limiting reactions,
ALD is an effective passivation method for high-aspect-ratio structures, such as nano-
textures [141], [142], [273]. Figure 8.10 showed ALD passivating a greater proportion of the
surface than PECVD passivation by growing on the deep etch-pits and not just the top of
the nanostructures. However, the ‘ball-pit’ structure from PECVD passivation in Figure 8.8
was still present for ALD passivation in Figure 8.10, regardless of the latter’s self-limiting,
monolayer deposition. This may be caused by the unique morphology of high-temperature
GaPTex, which may prevent a smooth layer application from occurring for any dielectric
passivation technique.

ALD passivation yielded good electrical properties, without any optimisation of the
texture or passivation method, where the champion Jo of GaPTex was 30.89 fA/cm?. ITRPV
predicted Jo for a variety of n-type cell architectures in 2022 of 17-20 fA/cm? [9]; therefore,
achieving a Jo value less than a factor of two away from industry standards, without any
texture optimisation for the passivation method, is an excellent initial result. To obtain even
lower Jo values, the etch-pit depth needs to be reduced for full surface passivation. This
could either be achieved by trialling one of the other textures found in Chapter 7, or by

performing a light front surface etch after GaPTex to reduce total texture depth.
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The final cell properties of PERC-GaPTex show encouraging initial results. With regards
to optical properties, both textures had similar responses at the different wavelengths in
Figure 8.11, yet pyramids outperform GaPTex for Jsc in Figure 8.12a). A closer inspection
of where reflectance is minimised with respect to wavelength reveals the source of the
difference in Jsc. The highest photon density occurs at green wavelengths ~ 500 — 700 nm,
Figure 8.11 shows at such wavelengths the pyramidal texture’s reflectance was minimised
whilst GaPTex’s was not. Thus, to improve GaPTex Js further, reflectance at 500 — 700 nm
must further be reduced. This could either be achieved by optimisation of the ARC for the
nanoscale structures to ensure reflectance is reduced at 600 nm, as originally designed, or
by increasing the total texture depth that remains after cell fabrication to maximise
reflectance reduction.

Both front surface reflectance and surface passivation impact EQE results. The overall
lowering of EQE curves is associated with an increase in reflectance, as fewer of the
incident photons can transmit into the cell to contribute to carrier generation. However,
GaPTex specifically shows a lower EQE than upright pyramids between 400 — 800 nm.
Such decreases in EQE are caused by increased recombination at the front surface due to
higher emitter doping for nanostructures and lack of dielectric surface passivation [139]. In
addition, poor front surface passivation increases surface recombination, particularly for
short-wavelength carriers, as they are absorbed nearer to the front surface. Both causes
reduce the number of carriers that are collected from the solar cell, thus reducing EQE. Vo
is also negatively affected by these two factors due to its dependency on the recombination
current and the light-generated current. At long wavelengths, EQE may be reduced for
GaPTex due to recombination at the rear of the cell and the reduced absorption of longer
wavelengths in Si. To improve EQE and V., GaPTex cells made with ALD passivation
would reduce surface recombination, due to improved adhesion between the passivation
and the nano-textured surface, shown in Figure 8.10. Optimisation of the emitter recipe for

nano-textures to reduce Auger recombination would also be beneficial, as the PERC emitter
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recipe was optimised for the microscale pyramids and thus was not necessarily optimum
for any nano-texture.

While the Voc and Jsc aided to explain the optical and electrical properties of the cell, the
FF can describe the resistive effects. FF has a dependency on both V.. and Js, yet not all
the GaPTex specimens possess a lower FF than the pyramidal specimens. FF can be better
understood by examining its components of pFF, describing losses due to recombination,
Rs, describing the resistive losses carriers experience on route to extraction from the cell,
and Rsnunt describing the losses due to carriers travelling unintended paths in the solar cell.
Figure 8.12e) shows GaPTex possesses a greater pFF than pyramids, which is
counterintuitive as Voc and lifetime for GaPTex are both lower than for pyramids. The Rs
losses of FF, shown in Figure 8.12f), demonstrate a lower median Rs for GaPTex than
pyramids. However, the range of Rs for GaPTex exceeds both the upper and lower bounds
of the Rs range for upright pyramids, indicating that carriers in some GaPTex cells had less
resistance when travelling to the contacts, while others possessed more. Lower Rs may be
explained by differing emitter shapes. For pyramids, the emitter follows the Si/air interface,
undulating across the surface with the rise and fall of the slopes of the pyramid. However,
for nanostructures, the emitter has been shown to finish well below the Si/air interface into
the bulk of the Si in a planar fashion [52]. With a planar emitter, carriers can diffuse a shorter
distance to the contacts compared to pyramids, incurring a reduction to Rs. With regards to
an increase in Rs for some of the GaPTex cells compared to pyramids, this may be caused
by the quality of the contact formed on the front surface. All PERC fabrication steps were
optimised for microscale pyramids and therefore the contacts formed on GaPTex may not
be performing optimally and thus incurring higher Rs than intended. To reduce Rs for PERC-
GaPTex, the contact fabrication would be further investigated to ensure no unnecessary
resistances were being introduced. Incidentally, the quality of contact may also account for
the lower Rs values of GaPTex than pyramids, alongside the change in the change of the
emitter shape. During cell fabrication, the GaPTex wafers underwent smoothing after
emitter formation, as evidenced by Figure 8.6. The smoothing of the surface may have
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aided to form a higher quality contact than the pyramidal counterpart, thus reducing
recombination and decreasing Rs. The smaller Rshint Values for GaPTex in comparison to
RPD in Figure 8.12 indicate carriers can take alternative routes in the cell, not necessarily
to the contacts for extraction. Manufacturing defects are the typical cause of low Rshunt,
therefore manufacturing optimisation for the GaPTex nanotexture would likely improve
Rshunt. After reviewing the components of FF, it is still somewhat unclear why the FF values
for GaPTex and pyramids are comparable and yet the difference in the Jsc and Vo values
is so great. Both the Rs and Rshunt Values of GaPTex would indicate it to have a poorer FF
performance than the pyramid cells, yet this is not the case. However, the calculation of FF
does not solely depend on Vo and Jsc. FF is the ratio of Vimp, Imp t0 Vo, Jsc; therefore, having
a large Vo and Jsc does not guarantee a large FF. The results imply that the ratio between
the maximum power point (Vmp, Imp) @and Vo, Jsc for each texture is similar. In future studies
of GaPTex applications to solar cells, the IV properties should be investigated in further
detail, including analysis of the maximum power point for further clarity on the affect
GaPTex has on final electrical properties.

Lastly, cell efficiency is directly proportional to Voc and Jsc, thus it is unsurprising that
GaPTex produced lower median efficiency than pyramids at 17.24% against 20.60%. As
has previously been discussed, the PERC fabrication performed was optimised specifically
for microscale upright pyramids, thus it would be unlikely for any nanostructure to
outperform the pyramidal PERC control. In addition, this was the first-ever study of
implementing GaPTex into a solar cell, thus achieving a 17.24% median efficiency provides
a suitable starting point for future research. With the previously suggested alterations to
fabrication from this initial study, nano-textured cells could surpass micro-textured cells with

their superior optical properties.
8.5 Chapter Summary

GaPTex was successfully implemented into a PERC architecture for the first time,

achieving a median efficiency of 17.24%. Of the two types of emitter recipes investigated,
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the lighter doping of the LDSE recipe was found to improve the electrical and optical
properties of the GaPTex nanostructures in comparison to the PERC emitter diffusion
tested. ALD provided high coating conformality for the nanotextures of GaPTex, achieving
a Jo of 30.9 fA/cm?, which is less than a factor of two from the predicted industrial standards
for 2022. No optimisation between the ALD and surface texture was performed, thus this
initial Jo result is an excellent starting point for future research. Lastly, whilst the efficiency
achieved by GaPTex was less than the microscale upright pyramids, the PERC fabrication
used was optimised for microscale upright pyramids, making it improbable for any
nanotexture to outperform the pyramids. In conclusion, a foundation has been provided for
focusing future research on optimising GaPTex, and the fabrication methods used, to

produce the highest cell efficiency possible.
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9 Conclusions & Further Work

Within this thesis, a texturing technique for Si solar cells was developed. This technique
was able to produce ultra-low reflectance surfaces at low temperatures, and atmospheric
pressure, all in an industrially appropriate time frame.

Texturing has been a vital aspect of Si-based solar cell performance ever since it was
first demonstrated in the 1974 COMSAT solar cell [93]. The optical benefits a front surface
texture provides solar cells are increased photon transmission into the cell, by reducing the
front surface reflectance, and aiding in retaining photons within the cell resulting in
increased carrier generation [31], [53]. However, current industrial texturing is still
dominated by microscale textures, which do not eliminate front surface reflectance across
the entirety of the relevant photon wavelengths for solar cell carrier generation. Nanoscale
texturing techniques have demonstrated that effectively all incident light on the front surface
of a solar cell can be transmitted into the cell for carrier generation, forming what is known
as black-Si (B-Si). Nevertheless, each B-Si texturing technique has at least one drawback
preventing significant industrial implementation, including difficult and costly waste disposal,
multi-step processing, the use of expensive metals, or expensive equipment. Thus, there is
still a need to develop an alternative, industrially feasible B-Si texturing method to increase
cell efficiency beyond what is possible with microscale texturing.

In this thesis, a B-Si texturing technique in the gas phase, termed gas-phase texturing
(GaPTex), was developed to produce the beneficial ultra-low surface reflectance of other
B-Si techniques without their drawbacks. GaPTex used ozone (Os) and hydrofluoric acid
(HF) vapours to oxidise the surface and etch the surface oxide away. Other gas-phase
texturing techniques have been presented in literature but either the time to achieve a
suitable texture was too great for industrial uptake or the techniques were designed for in-
line processing, as opposed to the preferred batch processing by manufacturers [172], [173],
[175], [177]-[180]. Thus, the benefits of texturing in the gas phase had yet to be truly

realised.
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The aims of this thesis, as set out in Chapter 1, were:
1. Develop a new GaPTex tool.
2. Reproducibly make uniform ultra-low reflectance Si in an industrially suitable time
frame.
3. Propose the GaPTex texturing reaction mechanism.
4. Investigate the range of morphologies GaPTex could produce and their optical
properties.

5. Define GaPTex solar cell performance for the first time.

The design and development of a new GaPTex tool were addressed in Chapter 3.
Chapters 4 and 5 show the progression to a final texturing recipe that, with the aid of a
precursor, could reproducibly fabricate ultra-low reflectance Si within minutes. Chapters 6
and 7 delved into how and why the precursor was so effective at aiding texturing and
culminated in proposing the GaPTex reaction mechanism. Chapter 7 also focussed on
determining what range of morphologies GaPTex could produce and the resulting optical
properties. Finally, Chapter 8 contained the first-ever results of GaPTex in the final
application of a solar cell, achieving a 17.24% efficient passivated emitter rear cell (PERC)
without any processing optimisation to accommodate the nanoscale texture. The summary
of each aim is detailed below as well as avenues for future work to enable GaPTex to aid

in maximising cell efficiency in the fight against climate change.
9.1 B-Si with a Newly Developed Gas-Phase Texturing Tool

The prior investigation into GaPTex was limited by the operating parameter space of
the texturing tool. Chapter 3 presented the development of a new GaPTex tool, where the
new tool design, and subsequent tool refinements, increased the parameter space to allow
for a deeper exploration of GaPTex. The new design of the GaPTex tool also incorporated
features to increase industrial feasibility, thus making GaPTex competitive with other gas
phase texturing techniques. One concern of industry, with regards to process desirability,

is the wafer processing time. The new GaPTex tool design enabled higher sample
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processing temperatures from sub-80 °C to 250 °C, thus increasing the texturing kinetics
for faster sample processing. The reaction gas temperature in the reaction chamber was
also increased to shorten wafer processing time, from 35 °C in the prior tool to 56 °C in the
new tool. Both increases in operating temperature are still regarded as low-temperature
processing in solar cell manufacture, thus GaPTex gains the benefit of reducing processing
time without compromising on its industrial desirability.

The first use of the new GaPTex tool in Chapter 4 showed that the surface chemistry of
Si played a crucial role in texturing. A variety of sample cleaning methods demonstrated
that while the cleanest samples could reproduce reflectance the best, the blackest samples
were not the cleanest samples. XPS measurements confirmed the presence of surface
contaminants, both from the manufacturer and the dicing machine used to cut wafers. Due
to the impurities not being intentionally added to the surface by the manufacturer, or the
dicing machine, the impurity distribution on a wafer surface, and between wafers,
accounted for the lack of texturing uniformity across a wafer surface and the lack of
reproducibility between wafers.

The role of surface impurities was harnessed for the creation of uniform, reproducible
B-Si. It was hypothesised, in Chapter 5, that by deliberately introducing a non-native
chemical species to the surface, the rate of GaPTex would increase, as the introduced
chemical species would act as heterogeneous nucleation sites for the texturing reaction. A
precursor containing colloidal silica and IPA was chosen to fulfil this role, where the SiO;
nanoparticles were intended to act as the heterogeneous nucleation sites. In addition, as
the reaction gas included HF, the SiO, nanoparticles would be etched away during texturing,
necessitating no additional processing steps post-texture. Chapter 5 also explored the use
and application of the precursor in GaPTex and resulted in achieving reproducible and
uniform B-Si, with a typical weighted average reflectance (WAR) of 3.1% and a standard
deviation of 0.4% in as little as 2 mins texturing time. Two factors were found to be crucial
in producing this ultra-low reflectance. Firstly, the precursor stability. Settling occurred when
placing colloidal silica into IPA; such precursors did not yield reproducible texturing. Once
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the precursor underwent stabilisation with sulphuric acid to form chains of polysilicic acid at
the surface of the nanoparticles, texturing became reproducible. The second factor was the
precursor application method. Texturing uniformity was dependent on how the precursor
was distributed across the surface. Precursor application methods such as painting, dipping,
and spinning all yielded a lack of uniformity across the sample surface, producing standard
deviations above 1% reflectance. The final application method of atomising the precursor
and spraying it onto the surface, creating a uniform surface distribution of micro-droplets,
produced highly uniform textured samples, with standard deviations < 1%. The combination
of spraying and using a stabilised precursor was used to create the ultra-low reflectance
GaPTex B-Si.

The optimisation of GaPTex in this thesis achieved a reduction of x4 in WAR and a
reduction of x15 to total processing time versus prior work. GaPTex was able to produce
sub-5% reflectance without the need for expensive manufacturing equipment, or cost-
intensive noble metals, while avoiding the drawbacks of wet chemical texturing methods
such as difficult and expensive waste disposal. Furthermore, the texturing time of GaPTex
to achieve sub-5% reflectance was less than the industry standard of 7 mins, for the
commonly used wet chemical methods, and comparable to the quicker processing times of
other B-Si techniques, which were typically < 5 mins. With regards to other gas-phase
texturing techniques, GaPTex produced a lower WAR than all except for the work by B.
Kafle et al. [172] where 2% WAR was produced. The processing time from that study was
not stated thus a comparison to processing time could not be made, but the compromise of
1% higher reflectance in favour of GaPTex’s short processing time is an attractive avenue

to manufacturers.
9.2 The Texturing Reaction Mechanism

The original hypothesis that the SiO, nanoparticles induced the rapid texturing seen in
Chapter 5 was disproved in Chapter 6. By testing all the components of the colloidal silica

individually, it was demonstrated that the Na* counter-ions in the colloidal silica caused
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texturing, not the silica particles. Furthermore, it was shown that Na* aided the texturing
process chemically and not physically as the nanoparticles had originally been
hypothesised to do. The chemical effect of Na* was further refined and determined to be
kinetic, not thermodynamic. Alkali metals had previously been demonstrated to act as an
oxidation catalyst in literature, and oxidation experiments in Chapter 6 using Na* showed
oxidation rates increased by a factor of 1.5 to 2 in the GaPTex tool. From the oxide-etching
experiments in Chapter 6, Na* was determined to stabilise the necessary water micro-
droplets on the Si surface for oxide-etching via HF to occur at temperatures above the
evaporation point of H.O and HF. Using these factors and the morphology data resulting
from different operating parameters in Chapter 7, a complete reaction mechanism for
GaPTex was proposed for the first time. The first stage of the texturing mechanism was the
stabilisation of micro-droplets on the surface. Secondly, etching occurred in micro-droplet
locations due to the requirement of HF needing to be in the liquid phase for oxide-etching
to occur. Thirdly, the etch pits would continue to grow in all dimensions until they completely
contained their respective micro-droplet. Lastly, etching continued where the liquid was in
contact with the Si, creating a uniform etch-pit cross-section except at the bottom of the

etch-pit where etching was still occurring.
9.3 Texture Morphology

The key result of Chapter 7 was that etch-pit morphology was dominated by the sample
temperature. Processing samples at temperatures < 100 °C caused an inverted pyramidal
texture at the base of the etch-pit, with vertical walls to the surface. Whilst at temperatures
= 200 °C, etch-pit cross-sections became circular with seemingly random etch-pit direction.
The change in morphology with temperature was linked to the role of Na* in the oxidation
phase of the texturing reaction. It was proposed that oxidation by alkali metals, such as Na*,
became confined to specific crystallographic planes at lower temperatures, akin to the well-
documented wet alkali metal etching of Si [94], [266]. At decreased temperatures, wet alkali

metal etching proceeds quicker on Si(100) than Si(111), due to the difference in bonding
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strength of the Si-Si back-bonds on each set of planes [94], resulting in an upright pyramid
texture. Therefore, it was proposed that the oxidation catalysis caused by Na* occurred
quicker on Si(100) than Si(111), causing the inverted pyramidal etch-pits to form. Upon
increasing temperature, the activation energy to oxidise a greater number of
crystallographic planes could be met. Thus, the etch-pit shape was no longer confined to
specific crystallographic planes but by the contact between the surface to the deliqguesced
liquid.

Other operating parameters such as alkali metal species, alkali metal concentration,
and Os concentration were also investigated in Chapter 7 for their effect on morphology.
However, none caused dramatic changes to morphology to the extent as the sample
temperature did. Nevertheless, it was noted that all investigations were undertaken at a
sample temperature of 250 °C, and the investigations could have yielded different results

at lower sample temperatures.
9.4 Solar Cell Implementation

The last aim of this thesis was to determine the performance of GaPTex-Si in a solar
cell for the first time. The median cell efficiency for the first implementation of GaPTex into
a PERC was 17.24%. While the control PERC of microscale, upright pyramids achieved a
median cell efficiency of 20.60%, all the cell fabrication steps were optimised for microscale
pyramids, not the nanoscale texture of GaPTex. Thus, it would have been unlikely for any
nano-texture to outperform the microscale pyramid PERC, if not any other texture,
regardless of scale. However, the primary goal of this first implementation of GaPTex was
not to achieve a record cell efficiency but to gain an understanding of how GaPTex
interacted with cell fabrication steps and use it for optimisation in future work.

In addition to the fabrication of PERC from GaPTex-Si, an alternative passivation
method, known to perform well with nanotextures, was tested on as-textured GaPTex-Si.
Atomic layer deposition (ALD) Al.Os improved the adhesion between the Si surface and the

passivation layer beyond what was possible with the PERC fabrication. A champion
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recombination current of 30.89 fA/cm? was achieved, approximately a factor of two away
from the current predicted industrial standard of 17-20 fA/cm? [9]. Therefore, GaPTex-Si
has demonstrated industrial applicability with a single implementation, without optimisation.
However, it would still be beneficial to continue to reduce recombination to achieve record

cell efficiencies.
9.5 Further Work

For GaPTex to gain significant industrial traction it must demonstrate multi-wafer
etching. This may involve a redesign of the current texturing tool, to maintain aspects such
as sample temperature, as well as new challenges such as uniform gas flow across the
surface of multiple wafers.

Further investigations into the effect of operating parameters should be undertaken at
lower temperatures. In Chapter 7, sample temperature produced the most significant
morphology change. However, the effect of temperature may have masked the effect of the
other tested operating parameters, as all experiments (except sample temperature) were
conducted at 250 °C. The effect of operating parameters on morphology should be re-
evaluated at lower temperatures to determine what other morphologies GaPTex can
produce.

To increase the efficiency of cells generated by GaPTex, two avenues must be explored.
Firstly, cell fabrication methods designed or optimised for nanoscale textures must be
investigated. Within this thesis only methods optimised for microscale upright pyramids
were tested on GaPTex, thus it was unlikely that GaPTex would have yielded better-
performing cells or any other nanoscale texture. Specific attention should be paid to the
emitter-formation to ensure retention of the exceptional optical properties of GaPTex, as
well as reducing the front surface doping to diminish recombination. Passivation using ALD
should also be trialled in a full cell, as the initial results from Chapter 8 already demonstrated
an improvement when using ALD. Lastly, the contact design must be investigated, as it may

have contributed to resistive losses in the GaPTex PERC. The second avenue to explore
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for improved cell efficiency is the GaPTex morphology. Only one texture was trialled in a
cell during this thesis due to time constraints, but GaPTex has presented alternative
textures yet to be tested in a full solar cell. Once the investigation into the effect of operating
parameters on morphology is completed, a selection of textures should be implemented
into a cell, with appropriate fabrication steps for the texture scale, and the performance re-

evaluated.
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10 Appendix I: Chapter 4 Complete Data Sets

10.1 Cleaned Specimens Post-Texturing Appearance

Figure 10.1 Camera images of samples that underwent different pre-texturing cleans.

Sample 1 Sample 2

Pre-Texture

No Cleaning — Diamond Pen

Post-Texture

Pre-Texture

Acetone Cleaning

Post-Texture
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10.2 XPS Spectra of Sample Surface Chemistry
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11 Appendix Il: Gibbs Free Energy Calculations

AGreaction = AHreactfion - TASreaction

AHreaction = ZnAHformation(pTOduCtS) - ZmAHformation(reaCtantS)

ASreaction = ZnASformation(pTOduCts) - ZmASformation(reaCtants)

o  AGreqction — Change in gibbs free energy of a reaction in kJ/mol
e  AH,.qction — Enthalpy of Reaction in kd/mol

e T —reaction temperature in K

o AS,cqction — Entropy of Reaction in J/Kmol

®  AHpormation — Enthalpy of formation in kJ/mol

®  ASformation — ENtropy of formation in kJ/mol

e n —number of moles of the products

e m — number of moles of the reactants

All calculations were performed under standard temperature and pressure conditions (298

K, 1 atm), data obtained from M.W. Chase [1].
11.1 Si Oxidation Using O3
3Si 4+ 205 — 3Si0,
1111 AHreaction
AH ormation (S10;) = —898.1 kj /mol
AHpormation(S1) = 0 kJ/mol
AH; ormation(03) = +152.4 kj /mol

AHyeqction = {(3) X (= 898.1 kJ/mol)} — {[(3) X (0 kJ/moD)] + [(2) X (+ 152.4 k] /moD)]}

AH,eqction = {(— 2694.3 k] /mol)} — {(+ 304.8 kJ/mol)}

AH,paction = — 2999.1 kj /mol
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11.1.2 ASreaction

ASformation(SiOZ) =70.9 J/(Kmol)
Asformation(Si) = 30.2]/(Kmol)
ASformation(03) = 263.4]/(Kmol)

ASreqction = {(3) x (70.9 ]/(Kmol))} — {[(3) % (30.2 J/(Kmol))]
+ [(2) X (263.4]/(Kmol))]}
ASreaction = {(212.7 ]/(Kmol))} — {(617.4]/(Kmol))}

ASyeaction = —404.7 J/(Kmol)

11.1.3 AGreaction

AGregction = (—2999.1 kJ /mol) — (298K)(—404.7 ] /mol)
AGreqction = —2878.4 kJ /mol
Si oxidation using Oz is spontaneous as the Gibbs free energy is negative. The reaction will

proceed of its own accord.
11.2 Si Oxidation Using O2
Si+0, > Sio,
11.2.1 AHreaction
AHf ormation(Si0;) = —898.1 kJ /mol

AHformation(S0) = 0 kJ/mol

AHformation(Oz) = 0kJ/mol
AH,eqction = {(—898.1 kj/mol)} — {(0 kJ/mol) + (0 kJ/mol)}

AH,pgction = —898.1 kJ /mol

11.2.2 ASreaction

ASformation(SiOZ) =70.9 ]/(Kmol)

A‘S‘formation(Si) = 30.2 ]/(KmOl)
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ASformatfion(OZ) = 205.2 J/(Kmol)

ASreqction = {(70.9]/(Kmol))} = {(30.2]/(Kmol)) + (205.2 ] /(Kmol))}

ASreaction = {(70.9 J/(Kmol))} — {(235.4]/(Kmol))}

ASreaction = —164.5 ]/ (Kmol)

11.2.3 AGreaction

AGregetion = (—898.1 kJ /mol) — (298K)(—164.5 ] /mol)
AGregetion = —849.1 k] /mol
Si oxidation using O is spontaneous as the Gibbs free energy is negative. The reaction will

proceed of its own accord.
11.3 HF etching SiO>

4HF + Si0, — SiF, + 2H,0
11.3.1 AHreaction

AHformation(HZO) = —285.8 k]/mol
AHformation(SiEL) = —1615.0 k]/mol
AHformation(SiOZ) = —898.1 kJ/mol

AHformation(HF) = —=272.7 k]/mOI

AHyeqction = {[(2) X (—=285.8 kJ/mol)] + [(1) X (—=1615.0 kJ/mol)]}
— {[(1) x (=898.1 kj/moD)] + [(4) X (—272.7 k] /moD)]}
AH,ogerion = {(—2186.6 kJ /mol)} — {(—1988.9 kJ /mol)}

AH,peqction = —197.7 kJ /mol
11.3.2 ASreaction

ASformation(HZ0) =70.0 J/(Kmol)

ASformation(SiEL) = 282.8 J/(Kmol)
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ASormation (Si02) = 70.9 ] /(Kmol)
ASformation(HF) = 173.8 J/(Kmol)
ASreaction = {[(2) X (70.0 J/(Kmol))] + [(1) x (282.8 ]/(Kmol))]}
— {[(1) x (70.9]/(Kmol))] + [(4) x (173.8 J/(Kmol))]}
ASreqction = {(422.8]/(Kmol))} — {(766.1]/(Kmol))}
ASyeqction = —343.3 ] /(Kmol)

11.3.3 AGreaction

AGyreaction = (—197.7 kJ /mol) — (298K)( —343.3 J/mol)
AGreqction = —95.4 kJ/mol
Etching SiO, using HF is spontaneous as the Gibbs free energy is negative. The reaction

will proceed of its own accord.
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12 Appendix Ill: Vapour Pressure Calculations for

NaOH and H,O at Elevated Temperature

Clausius-Claperyron Equation:

T, = 298K
T, =523 K

R =8.3145]/mol.K

12.1 Vapour Pressure for H20 at 523 K

P, = 23.8mmHg

AH,q, = 43.988 kJ /mol

( P, )_ 43.988k]/mol( 1 1 )
"\238mmHg) = ~ 83145/ /mol. K \523K _ 298K

] ( i )— 7.6377
"\238mmHg) = "

P, = 23.8mmHg exp (7.6377)

P, = 49.4 x 103 mmHg

12.2 Vapour Pressure for NaOH at 523 K

P, =182 x 1072 mmHg

AHyqp = 175 kJ /mol

1

( P, )_ 175 kJ /mol ( 1
"\182 x 1020 mmHg) = ~ 83145//mol.K

523K 298K

)
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P,
1 ( ): 30.3855
"\1.82 x 1021 mmHg

P, = 1.82 x 1072 mmHg exp (30.3855)

P, = 2.86 X 10"8 mmHyg
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13 Appendix IV: Full Micrograph Sets of Chapter 7

13.1 Alkali Metal Concentration

13.1.1 Li

a)i) a)ii)

c)i) c)ii)

d)ii)

; 4
Figure 13.1 Microstructures in a top-down view of varying Li concentration in the precursor by a) 0.0017 M,
b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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Figure 13.2 Microstructures in a cross-sectional view as a function of varying Li concentration by a) 0.0017
M, b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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13.1.2 Na

Figure 13.3 Microstructures in a top-down view of varying Na concentration in the precursor by a) 0.0017 M,
b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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Figure 13.4 Microstructures in a cross-sectional view as a function of varying Na concentration by a) 0.0017
M, b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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13.1.3 K

Figure 13.5 Microstructures in a top-down view of varying K concentration in the precursor by a) 0.0017 M,
b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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Figure 13.6 Microstructures in a cross-sectional view as a function of varying K concentration by a) 0.0017
M, b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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13.1.4 Cs

£ T v
Figure 13.7 Microstructures in a top-down view of varying Cs concentration in the precursor by a) 0.0017 M,
b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification ii) high-magnification.
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Figure 13.8 Additional morpholog-;ies produced by varying Cs concentration a) 0.0033 M b) 0.0047 M c)
0.0084 M at i) low-magnification ii) intermediate-magnification iii) high-magnification.
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AN AN e ET A ST A S P et .

Figure 13.9 Microstructures in a cross-sectional view as a function of varying Cs concentration by a) 0.0017
M, b) 0.0033 M, c) 0.0047 M, d) 0.0084 M at i) low-magnification and ii) high-magnification.
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Figure 13.10 Additional morphologies produced by varying Cs concentration a) 0.0033 M b) 0.0084 M at i)
low-magpnification and ii) high-magnification.
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13.2 Sample Temperature

13.2.1 50 °C

b)iii)
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Figure 13.11 Microstructures produced at 50 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) intermediate-magnification iii) high-magnification.
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Figure 13.12 Microstructures produced at 50 °C sample processing temperature using the different alkali
metals a) Li b) Na c¢) Cs at i) low-magpnification ii) high-magnification.
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13.2.2 100 °C
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i < -
Figure 13.13 Microstructures produced at 100 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) intermediate-magnification iii) high-magpnification.
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Figure 13.14 Microstructures produced at 100 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) high-magnification.
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13.2.3 150 °C

a)i

¥ E 3 L = I.. 3 §x .
Figure 13.15 Microstructures produced at 150 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) intermediate-magnification iii) high-magnification.
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Figure 13.16 Microstructures produced at 150 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) high-magnification.
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13.2.4 200 °C
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Figure 13.17 Microstructures produced at 200 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) intermediate-magnification iii) high-magnification.
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Figure 13.18 Microstructures produced at 200 °C sample processing temperature using the different alkali
metals a) Li b) Na c¢) Cs at i) low-magpnification ii) high-magnification.
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13.2.5 250 °C
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b)iii)

Figure 13.19 Microstructures produced at 250 °C sar‘erIe processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) intermediate-magnification iii) high-magnification.
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Figure 13.20 Microstructures produced at 250 °C sample processing temperature using the different alkali
metals a) Li b) Na c) Cs at i) low-magnification ii) high-magnification.
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13.3 O3 concentration

: 5 5 3 S ~ A
Figure 13.21 Samples textured with a) 10 % b) 20 % c) 40 % d) 70 % Os at i) low-magnification ii) high-
magnification.
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Figure 13.22 Cross-section morphology when samples were textured with 20 % O3 concentration at a) low-
magnification and b) high-magnification.
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