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Abstract

Improving the solar cell efficiency while maintaining the cost of production or lowering the
cost of production while maintaining the solar cell efficiency are the desiderata in case of the
crystalline silicon solar cell industry. In the late 1990’s, efficiency levels ~ 25% have been
demonstrated for crystalline silicon solar cells based on novel device architectures. The pro-
cessing cost involved in manufacturing these cells were prohibitively high that the solar cell
industry had not adopted it for mass production. However, the processing of these high effi-
ciency devices involve some of the best practices that needs to be adopted in pursuit of higher
solar cell efficiencies.

Thermal oxidation of silicon is one of these best practices adopted in the high efficiency
silicon solar cell fabrication. Thermally grown SiO» film is known to form high quality inter-
face with silicon, making it an ideal candidate as a surface passivation layer. The thick (105 nm)
Si0; film also serves as the anti-reflective coating. The high temperature of processing, coupled
with its low growth rate and hence low throughput have made this technology expensive and
unviable for the industry. In this thesis, a process for growing silicon oxide/silicon oxy-nitride
films on silicon at temperatures < 400°C is discussed. The process involves exposing the silicon
surface to an oxidising plasma ambient. Thin silicon oxy-nitride films are capped with silicon
nitride and their surface passivation potential is investigated. Surface recombination velocity
less than 50 cm/s was obtained for the stack of silicon oxy-nitride/silicon nitride. The growth
of an interfacial silicon oxy-nitride prior to silicon nitride deposition was also found to improve
the thermal stability of the silicon nitride passivation. The emitter surface passivation in case of
¢ - Si solar cells was seen to improve when the stack of silicon oxy-nitride/silicon nitride was
used as the passivation layer, resulting in 5 mV improvement in open circuit voltage. Compa-
rable emitter passivation performance was observed when the plasma grown silicon oxy-nitride
(380°C) film was benchmarked with that of a thin thermally grown (600°C) silicon oxide film.

The stack is thus an alternative option for emitter surface passivation in case of p-type silicon
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solar cells.

Silver contacts used in silicon solar cells adds significantly to the cost of solar cells. To
lower the cost of production, alternative metallisation schemes based on electroplated Ni - Cu
contacts is being investigated. Electroplating of Ni - Cu contacts in silicon results in unwant-
ed/residual plating in pin holes present in silicon nitride films. Modification of the silicon nitride
layer or surface treatments to lower the pin hole density in silicon nitride is mandated, during
technology development of Ni - Cu metallisation processes. One such surface treatment process
involves treating the silicon nitride film in Ar + N,O plasma ambient. However, the surface pas-
sivation quality of plasma enhanced chemical vapour deposited (PECVD) silicon nitride film is
reported to degrade with plasma treatment. A detailed investigation on the impact of Ar + N,O
plasma post treatment process on the surface passivation properties of the silicon nitride film
is discussed in this thesis. On exposing a PECVD silicon nitride film to an Ar + N;O plasma
the effective minority carrier lifetime is seen to improve from 266 us to 863 us at a minority
carried density (MCD) of 10'3cm™3. This correlates with an order of magnitude decrease in in-
terface state density at the silicon - silicon nitride interface which is likely due to the enhanced
passivation of the interface. The improvement in effective lifetime is seen for both n-type, p-
type as well as n* emitter surfaces. The improvement in effective lifetime was also observed
for different plasma ambient like Ar, He and Ar + N,O. The enhancement in passivation is also
seen to be stable for annealing up to 450°C. Coupled with its potential for reducing background
plating, the proposed process is a promising candidate for developing passivation layers for cell
technologies with low temperature metallisation schemes.

Inverted pyramidal texturing is yet another best practice adopted in high efficiency silicon
solar cells. The process results in lower reflectance and leads to lower number of defects on
the wafer surface. The process however is not adopted by the silicon solar cell industry ow-
ing to the expensive photolithography steps required for this process. In this thesis, a novel
process for the fabrication of inverted pyramids on silicon is discussed. The process replaces
the photolithography step with a thin film deposition step and thermal annealing. The process
involves using open blisters formed in silicon nitride films as an etch mask to fabricate inverted
pyramids in silicon. The mechanism behind the formation of blisters as well as the impact of
various process conditions on blister formation in silicon nitride is investigated in this thesis.
By tailoring the blister formation process, a blister surface coverage of 51% was obtained for

a low temperature annealing at 550°C. When etched in anisotropic etchant, this resulted in a
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weighted average reflectance of 17.3%, indicating that the process can be a viable alternative
for inverted pyramid fabrication with further improvement in surface coverage of blisters. The
process can also be used to generate blisters of sub micron dimensions, making the process a

potential candidate for fabrication of nano pyramids.
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Chapter 1

Introduction

Over the last decade, there has been an increasing thrust to move towards sustainable and clean
energy sources. Renewable energy sources like solar, wind, hydro and tidal energy have been in
the forefront of this tectonic shift away from fossil fuel based power plants. Solar photovoltaics
(PV) have become a major player among renewable energy sources in terms of its global in-
stalled capacity. The installed capacity of solar PV has gone up from a meagre 1.4 GW in 2000
to 139 GW in 2013 [1]. Of the globally installed PV capacity, crystalline (mono crystalline,
multi crystalline, ribbon, mono like) silicon PV has been the major contributor, with a market
share of approximately 80% [2]. This massive growth in installed capacity of solar PV have
been fuelled by advances in cell/module processing technology leading to higher cell/module
efficiency, reduction in cost (<$/W) and a slew of government policies. Further with a projected
increase in the total installed capacity in the coming years, further reduction in production cost
or efficiency enhancements (without significant increase in production cost), would be the driv-
ing force of the PV industry. Fig. 1.1 shows the data adapted from the International Technology
Roadmap for Photovoltaics (ITRPV), 2014 report [3] shows the various components making up
the total cost of a module.

In order to lower the cost of starting silicon material, one of the approaches involve reducing
the thickness of the silicon wafer. With reducing thickness of silicon, maximum light needs to
be absorbed within the thin silicon bulk to obtain the same short circuit currents. This would
necessitate the need for developing alternative technologies for the enhancing the light absorp-
tion in ¢ - Si solar cells. Conventional surface texturization processes may no longer be viable,
as the process in itself would result in a significant loss of silicon (15 - 30 um). This further

lowers the thickness of bulk silicon wafer, thus necessitating the development of alternative



Fig. 1.1: Various components of module cost, data adapted from [3].

schemes for surface texturing, as the industry move towards thinner wafers. Wafer handling

during processing is yet another challenge that is foreseen for thinner wafers.
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Fig. 1.2: Predicted maximum and minimum wafer thickness in coming years, data adapted
from [3].

Silver based contacts used in c - Si solar cells adds significant cost to the solar cell fabrica-
tion process. Besides, reducing the amount of silver used in c - Si solar cells, there have been
significant effort in replacing Ag contacts using Ni - Cu based electroplated contacts. Recently,
a cell efficiency of 20.5% was demonstrated on 6" n-type passivated emitter rear totally diffused
(PERT) solar cells, using Ni - Cu - Ag as the front contact [4]. One of the challenges associated
with Ni - Cu metallisation is the residual plating in pin holes present in anti-reflective coat-
ing (silicon nitride) [5]. Many research groups have reportedly addressed this issue plating by
modifying the anti-reflective coating [6]. Thus it maybe concluded, for widespread industrial
adaptation of Ni - Cu contacts, specific processes and equipments needs to be developed.

Despite achieving an efficiency of 25.0% on c - Si solar cells based on the passivated emit-



ter locally diffused (PERL) architecture way back in the late 1990’s, the current commercially
available c - Si cells have efficiency levels hovering around the 20% mark [7]. The cell pro-
cessing steps used for the PERL cell fabrication involved mulitple photolithography steps, high
temperature oxidation and multiple dopant diffusion steps. This makes the processing scheme
costly, and hence unviable for industry adoption. Additionally, the high efficiency was shown
on small area devices (4 cm?). At a cell level, the efficiency enhancement and/or cost reduction
can be largely brought about by developing novel process alternatives in the areas of junction
formation, light trapping, surface passivation, and metallisation. The PERL cell differs from

the commercially available c - Si solar cells in the following ways:

1. PERL cell uses an inverted pyramid configuration for light trapping as compared to the
random pyramids used in commercial c - Si solar cells. The fabrication of inverted pyra-
mids requires photolithography steps and thin film growth which increases the cost and
lowers the throughput in case of commercial c - Si solar cells. The inverted pyramids used
in PERL cells are reported to result in better light trapping and results in lower number of

defects upon depositing the surface passivation layer [8].

2. For passivation of front and rear surface in case of PERL cells, a thermally grown SiO,
film of thickness ~105 nm is used [9]. The film also serves as an anti-reflective coating
(ARC) on the front surface of the solar cell. Despite the thermally grown oxide being well
known for its high quality interface with silicon, the high temperature required for oxide
growth makes it commercially non-viable. Low oxidation rates also lower the throughput
which is also detrimental for c - Si solar cell industry. Besides, in case of solar cells based
on multi-crystalline silicon wafers, high temperature processing can lead to activation of
impurities in the bulk, and can degrade the device performance [10]. In case of commer-
cial ¢ - Si solar cells, a 70 nm thick plasma enhanced chemical vapour deposited silicon

nitride film is used as the ARC and surface passivation layer on the front surface.

3. Locally diffused regions on both the rear side (p™ for back surface field formation) as
well as under the contact in the emitter region (for n™ formation, to lower contact re-
sistance) requires photolithography steps, making the process costly. However, recent
technological advancements has seen the emergence of selective emitter technology have
been developed in conjunction with screen printing [15]. Similarly laser fired contacts

have been recently used for making selective contacts at the rear surface of the solar cell



through dielectrics or dielectric stacks (Al,O3, Al,O3 - SiNy, SiO; - SiN,) [4].

From the discussion above, it can be seen that some of the processes used in PERL cell fabrica-
tion have still not found its way towards the commercial production process. Despite potential
benefits in terms of cell performance enhancement, thermal oxidation of silicon and inverted
pyramidal texturing of silicon have are yet find its way to commercial production, owing to
high cost and throughput issues. More recently, Sunpower has demonstrated 25% efficiency on
large area crystalline silicon solar cells. The solar cell based on an all back contact platform is
a successor of the Interdigitated back contact (IBC) solar cell [11]. However, the higher cost
of production makes these modules expensive. High efficiency device structures like PERL, all
back contact solar cells (from Sunpower) serves as guidelines for developing newer processes
for industry. Bringing down the cost of production of high efficiency silicon solar cells is indeed

an open and challenging problem, involving development of novel processes.

1.1 Thesis motivation

Thermal oxidation of silicon in oxygen ambient at high temperatures is known to result in high
quality Si - SiO; interface. In high efficiency PERL cells, a 105 nm thick thermally grown
silicon dioxide serves as surface passivation layer and anti-reflective coating. However, as pre-
viously discussed, the lower oxidation rate, coupled with the higher cost and lower throughput
makes this process unviable for silicon solar cell industry. Hence, a 70 nm thick silicon nitride
with a refractive index of 2.0 is widely used as the passivation layer and ARC in commercial
crystalline silicon solar cells [9]. Low temperature growth of silicon dioxide based on wet
chemical oxidation [12], steam based (wet) oxidation [13] is being looked at as potential alter-
natives for thermally grown dry SiO; films in crystalline silicon solar cells. Compared to dry
oxidation, wet oxidation can be carried out at lower process temperatures (800 - 1000°C) and
has a higher growth rate [13]. Another approach to grow low temperature oxide is by expos-
ing the silicon wafer to an oxidising plasma ambient. Silicon dioxide grown in plasmas were
extensively studied as a potential replacement for thermal oxide in metal oxide semiconductor
(MOS) devices. It is reported that various oxidising ambients like nitrous oxide, oxygen and
these gases in combination with various inert gases like helium (He), argon (Ar), krypton (Kr),
xenon (Xe) have been used for growing silicon oxide films [14]. However, the feasibility of

using a plasma grown oxide film as a surface passivation layer in silicon solar cells is unknown.

4



This thesis discusses a process for low temperature growth of silicon oxide/silicon oxy-nitride
film in an oxidising plasma ambient at temperatures less than 400°C. The surface passivation
potential of the plasma grown silicon oxy-nitride film is investigated by capping these films
with hydrogenated silicon nitride film. The performance of the stack as a surface passivation
layer is benchmarked against a low temperature oxidation carried out in a furnace at 600°C.
The process development of this low temperature oxidation step for surface passivation and its
integration into crystalline silicon solar fabrication process forms the core part of this thesis.

In pursuit of lowering the cost of production, alternative metallisation schemes like Ni - Cu
based front contacts are being extensively investigated. Some of the challenges associated with
the integration of Ni - Cu metallisation into c - Si solar cells are Cu diffusion, lower adhesion,
background plating and long term reliability [S]. Background plating (residual plating) is the
unwanted deposition of Ni - Cu observed on pin holes present in the anti-reflective coating.
This residual plating not only degrades the aesthetic value of the cell but also results in signif-
icant decrease in fill factor, and cell performance [16]. Mitigating this residual plating requires
modification of the silicon nitride film [16]. Another approach to mitigating background plating
involved the oxidation of the silicon nitride film [17]. One of the possible methods discussed
included exposing the silicon nitride film to an oxidising plasma ambient. However, it is also
reported that post deposition plasma treatment would lead to degradation of silicon - silicon
nitride interface [18]. In this thesis, a post deposition plasma treatment process is developed to
prevent background plating without sacrificing the passivation quality [19].

Random pyramidal texturing used currently in silicon solar cells may not be viable as the
industry moves to thinner wafers. The process not only results in significant loss of bulk silicon
material but also results in the formation of localised defects in solar cells [8]. Hence, there is
a renewed interest in the fabrication of inverted pyramids on silicon, as the wafer thickness is
being scaled down. As previously discussed, fabrication of inverted pyramids require expensive
lithography process, which has stopped the solar cell industry from adopting it. In this thesis,
a novel scheme relying on blisters formed in inductively coupled plasma chemical vapour de-
posited silicon nitride films is used for fabrication of inverted pyramids in silicon. The texturing
process based on blister formation in silicon nitride is commercially attractive as it eliminates

the photolithography steps and hence can be implemented in solar cell industry.



1.2 Organisation of the thesis

The thesis discusses three novel plasma based processes with potential application in crystalline
silicon solar cell fabrication. Including the introduction, the contents of the thesis are organised
into seven chapters. Chapter 2 introduces the concept of surface passivation using the extended
Shockley - Read - Hall (SRH) theory, and also discusses the techniques used to determine the
surface passivation quality of a dielectric film. This is followed by a literature survey reviewing
the surface passivation quality of various dielectrics like silicon nitride, silicon oxide and alu-
minium oxide. The potential of low temperature chemically grown oxides as potential surface
passivation layer is also reviewed in chapter 2, setting the tone for development of alternative
low temperature techniques for growing oxides on silicon. Chapter 3 reviews the conventional
surface texturing processes as well as some of the alternative processes used for surface textur-
ing of silicon surfaces, thereby establishing the need for development of alternative processes
for fabrication of inverted pyramids in silicon. Chapter 4 reviews some of the techniques used
for characterisation of the samples prepared as part of the thesis.

Following a detailed literature review on plasma oxidation of silicon for various applica-
tions, Chapter 5 discusses the potential of a plasma grown silicon oxy-nitride film for surface
passivation of silicon surfaces. The impact of various plasma ambient on the surface passivation
quality is also discussed. The surface passivation of a stack of plasma grown silicon oxy-nitride
is investigated after capping the film using a silicon nitride film. Impact of ammonia addition
on the plasma oxidation process also forms part of chapter 5. Chapter 6 discusses the inte-
gration of plasma oxidation process into the ¢ - Si solar cell fabrication flow. The impact of
interstitial oxygen trapped in silicon during plasma oxidation on effective lifetime and solar cell
performance is investigated. The benchmarking of the plasma oxidation process against a low
temperature thermally grown oxide film is also discussed. Following a loss analysis of the solar
cells, the chapter proposes a roadmap for further improvement in solar cell performance. The
chapter also discusses the potential causes behind the shunts observed in the solar cells reported
in this thesis.

Chapter 7, discusses the impact of an inert gas/N,O plasma treatment on the surface pas-
sivation quality of PECVD silicon nitride film. The process, known to result in a decrease in
residual plating in case of Ni - Cu metallisation, was seen to result in a significant enhancement

in minority carrier lifetime. The chapter discusses in detail, the cause of the enhancement in



lifetime, as well as the thermal stability of the lifetime enhancement. The chapter concludes
with a discussion on the potential of the proposed plasma treatment process for front/rear side
passivation of silicon solar cells.

Chapter 8 discusses the fabrication of inverted pyramids in silicon through blisters in silicon
nitride. The chapter investigates the fundamental mechanism behind the formation of blisters
in silicon nitride and its dependence on process conditions. Subsequent to this discussion,
a process for fabrication of micrometer scale inverted pyramids in silicon through blisters in
silicon nitride is introduced. The impact of blister coverage, blister size, and the nature of the
blister on the inverted pyramid formation is also discussed. The chapter concludes with a short
discussion on two schemes which maybe used for the fabrication of inverted pyramids of sub
micron dimensions in silicon.

Chapter 9, summarises the thesis, and provides a roadmap for future research work in rela-

tion to the processes listed in the previous chapters.



Chapter 2

Surface passivation in crystalline silicon

solar cells

For any device to work efficiently as a solar cell, the device needs to perform three functions
effectively: light trapping, carrier generation, carrier separation, and carrier collection. The
various components present in a solar cell devices perform one or more of these functions. For
example: The anti-reflective coating present in a silicon solar cell not only serves to minimise
reflection, thereby improving the generation within the silicon, but also works as a surface
passivation layer ensuring that the carriers generated on the front surface of the device are not
lost to surface recombination. Efficient carrier generation, separation and collection would
imply minimising the losses at various stages in a silicon solar cell. The losses in a solar cell
device can be broadly categorised as optical and electrical losses. The electrical losses in solar
cells combines the recombination losses as well as the resistive losses. The discussion on losses
in solar cells in this section is restricted to crystalline silicon solar cells.

Optical losses in silicon solar cells are predominantly due to reflection of light from the
silicon surface and shadowing as a result of the contact grid. In order to lower the reflection
from the surface of a silicon solar cell, the surface of the wafer is textured by etching the wafer
in anisotropic etchants like KOH/NaOH. The anisotropic etching results in the formation of
sharp pryamidal structures on silicon which randomises the light falling on the surface, thereby
lowering the reflection. In order to further lower the optical loss, an anti-reflective coating is
used on the silicon surface. Silicon nitride is the anti-reflective coating currently used in silicon
solar cells. By tailoring the thickness and refractive index (RI), the minima of reflectance can be

tuned. Details on the choice of anti-reflective coating is discussed in an upcoming section. Metal



contacts used on silicon solar cells result in significant shadowing preventing light from entering
the regions directly under the contact. However, lowering the number of fingers on a solar cell
can lead to significant increase in ohmic losses. Therefore, the optimal number of fingers and
bus bars in a solar cell is an optimisation between contact resistance and shading losses. Cell
architectures based on all back contacts like the IBC, back contact - back junction eliminate the
shading losses from the front contact grid used in more conventional cell architectures [2].

Recombination of carriers can take place in the emitter, bulk and surface regions of a so-
lar cell. The recombination in the bulk of the silicon wafer is mainly due to the presence of
bulk impurities (e.g.: Fe) in silicon [20]. The phosphorus diffusion process used for emitter
formation in silicon can result in gettering of impurities, thus improving the bulk lifetime of the
wafer. In case of poly or multi crystalline silicon, grain boundaries unless well passivated can
serve as recombination centres as well. Major component of recombination in the emitter of
a solar cell is dominated by Auger recombination. Higher the doping of the emitter, higher is
the recombination in the emitter region. A heavily doped emitter can also lead to free carrier
absorption which can decrease the generation within a solar cell. The surface of a silicon wafer
is usually composed of a large number of silicon dangling bonds. The dangling bonds on the
surface of a silicon wafer can act as recombination centres. Solar cell being a large area device
has a large area of exposed silicon on both the front and rear surfaces of the solar cell. In com-
mercial, silicon solar cells, the issue of surface recombination on the front surface is mitigated
by coating it with a hydrogenated silicon nitride. On the rear side of the solar cell, an Al - back
surface field is used to repel away the electrons arriving at the rear contact, thus passivating the
rear surface. Additionally, recombination can also occur at the metal - silicon interface. In case
of PERL cells [9], the contacts are formed over a thin tunnelling SiO, layer, which lowers the
recombination under the contact.

This chapter begins with a short description of recombination mechanisms in semiconduc-
tors followed by a detailed introduction into the basic concepts of surface recombination and
effective lifetime. This is followed by a short review of some of the passivation layers used
in screen printed solar cells and high efficiency silicon solar cells. A short discussion on wet
chemical oxidation of silicon is also included in this chapter. The chapter also includes a de-
tailed review on oxidation of silicon in plasma ambient, setting the background for the various

experiments discussed in this thesis.



2.1 Carrier recombination in semiconductors

Generation of excess carriers in a semiconductor as a result of light absorption or by other meth-
ods, results in disturbing the thermal equilibrium of the semiconductor. Recombination is the
inverse process by which the carriers generated within a semiconductor are lost. The loss of
carriers result in the release of energy either as phonons (lattice vibrations) or as photons. In
thermal equilibrium, the generation and recombination rates are identical. In semiconductors,
there are three main types of recombination mechanisms available namely, (i) radiative recom-
bination, (ii) Auger recombination and (ii1) Shockley - Read - Hall recombination. These are

described below.

2.1.1 Radiative recombination

Radiative recombination, also known as direct recombination is a dominant recombination
mechanism in case of direct band gap semiconductors. Direct recombination is a process
wherein the electron in the conduction band of the semiconductor falls back into the valence
band, and recombines with a hole. The energy released as a result of the recombination pro-
cess, is typically emitted as a photon, whose energy will be equal to that of the band gap of the
semiconductor. Since, the process involves two carriers, the recombination rate is proportional
to the concentration of electrons and holes in the system. This gives rise to the equation for
recombination rate as [21]:

Uraa = B(np —n}) @.1)

where n and p represents the non equilibrium electron and hole densities (in cm™—3), while n;
represent the intrinsic carrier density in the semiconductor (in cm~3). The constant B represents
the probability of a direct band to band transition in the semiconductor (in cm3/s). The constant
B, would have a higher value for direct band gap semiconductors, while the value would be
lower for indirect band gap semiconductors. For Si, the value of B =1.1 x 1071 cm?/s [22]. In
indirect band gap semiconductors like silicon, conservation of momentum and energy implies
that a transition to valence band maximum would involve a phonon and a photon. The involve-
ment of a phonon makes the probability of occurrence of this event much lower in an indirect

band gap semiconductor. The radiative recombination lifetime, 7,,4, is given by the equation,

1
B(n() + Po +An)

Trad = (2.2)
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In case of low level injection, i.e. An << ng + pg, Eqn. 2.2 transforms to:

1
Trgd = ——————— 2.3
where as in case of high level injection, An >> ng + pg, Eqn. 2.2 transforms to
Trad = ! 2.4)
rad — BAn .

2.1.2 Auger recombination

Auger recombination, also known as a three particle recombination, involves three particles
during the recombination process. In this process, as an electron falls back into the valence
band from the conduction band, the excess energy emitted is used to excite an electron in the
conduction band to a higher energy level. This electron, then loses its energy as lattice vibrations
and returns to its ground state. This Auger recombination mechanism is termed as eeh process.
Auger recombination process can also involve two holes and an electron and is then called as

the ehh process. The net recombination rate can be represented as [21]:

UAuger =C, (n2p - ”%PO) + CP (np2 - I’LOP%) (25)

where, C, and C, represent the Auger coefficients for eeh and ehh processes respectively (in
cm®/s). For Si, Cy is 1.1 x 10739 ¢cm%/s and C,, is 0.3 x 1073% cm®/s at 300 K [22]. n and p
are non equilibrium electron and hole concentrations respectively (in cm?), while ng and Po
are equilibrium electron and hole concentrations respectively(in cm—>). In case of low level

injection, An << ng + po, simplification of Eqn. 2.5 results in

1

_— (2.6)
CmPN%,A

TAug(”:I’) =

where, N represents the doping density of the semiconductor, with the subscripts D and A rep-
resenting n-type and p-type semiconductors respectively. In case of high injection conditions,

An >> ng + po, Eqn. 2.5 simplifies to

1
Taug (1, p) = ( 2.7)

C,+Cp)An?
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Comparing Eqn. 2.2 and Eqn. 2.5, it can be seen that the Auger recombination process has a
strong dependence on the excess carrier density at high level injection than radiative recombi-
nation. This higher recombination rate for high level injection makes this process one of the

dominant recombination processes in case of heavily doped surfaces.

2.1.3 Shockley - Read - Hall (SRH) recombination

Recombination of carriers through defect level in silicon is termed as Shockley - Read - Hall
(SRH) recombination. The defect levels in the semiconductor can include metallic impurities
and crystallographic defects. The defect can act as a recombination center, if it captures an
electron from the conduction band (CB) and a hole from valence band (VB) resulting in the
annihilation of the electron hole pair (EHP). It can also act as a transition level, where an
electron from CB is captured before it is released to the VB, resulting in recombination with a
hole in the VB. The single level trap recombination rate Uggy, derived from SRH formalism

can be written as [23]:

2
pn—n;
USRH = vthT—n—i—nl p-li-pl (2.8)
KT

Et—E, Ei~E
Lk St

where, n| = n;e T i, p1 = nje , N7 is the concentration of the trap centres (per cm ), o,
and o, represent the capture cross section for electrons and holes respectively (expressed in
cm?), vy, 1s the thermal velocity (in cm/s), E; represents the intrinsic level and E; represents the

trap energy level (in eV), and T is the temperature in °K.

2.1.4 Surface recombination in semiconductors

Surface of a semiconductor material represent an abrupt termination of the crystalline structure.
This abrupt termination of the crystal structure results in a large density of dangling bonds at the
silicon surface. Surface recombination is an extension of SRH recombination model, wherein a
large number of traps are present at the surface of the semiconductor. The dangling bonds lead
to trap states in the energy band diagram of the semiconductor at the surface. For the case of a
continuum of traps, the SRH equation needs to be modified to include the large density of trap

states. The number of traps centre represented as N7 in Eqn. 2.8 changes to dN7 = D;(Er)dE7,
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and is substituted in Eqn. 2.8, and integrated across the bandgap.

EC D.(ET)dET
Us = (psns - n%)vth/ ns—ol—tn(l )pﬁ—]?l (29)
B o, +55

E—E;

where n; = n;e e , P1 = nie¥, D;; is the interface trap density (in cm 2 eV, 6, and
o, represent the capture cross section for electrons and holes respectively (expressed in cm?),
vy, 1s the thermal velocity (in cm/s), E; represents the intrinsic level and E; represents the trap
energy level (in eV), and T is the temperature in °K. Eqn. 2.9 assumes that the trap levels are
non interacting, and the capture cross section is independent of the occupancy level of the trap.

The following inferences can be made from Eqn. 2.9 regarding the surface recombination rate,

Us.

1. U can be lowered by reducing the number of interface trap states, i.e. by lowering the
interface state density. This forms the basis of chemical passivation, wherein the dangling
bonds at the interface are terminated by hydrogen or by growing a thermal oxide, as shown
in Fig. 2.1(a). Another method of chemically passivating the silicon surface is by using an
iodine - ethanol solution or quinhydrone methanol solution to passivate the silicon wafer

[24].

2. Lowering ps or ng, the surface hole or electron concentration densities can bring down
the surface recombination rate, U;. This forms the basis of field effect passivation and
can achieved in the following ways: (a) using a doping profile to create a field to repel
the minority carriers away from the interface, (b) using the charge in the dielectric at
interface to repel the minority carriers away from the interface, as shown in Fig. 2.1(b),

and (c) applying an external voltage to repel the minority carriers away from the interface.

2.1.5 Effective lifetime and surface recombination velocity

Eqn. 2.9 represents the surface recombination flux at the surface of a material or at the interface.

The equation can be rewritten as:

2
__pn—n
ST ntm | ptpi (2.10)
Sy Sn

where S, = 6,N; v, and S, = 6,N;;v;,, where N;; represents the trap density at the surface

incm™2. S, S p are the surface recombination velocity for electrons and holes respectively.
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(a) b)

Fig. 2.1: Schematic representation of two surface passivation mechanisms (a) Chemical passi-
vation (b) Field effect passivation

2 3.1

Being a surface phenomenon, the unit of surface recombination in cm~2s~!, unlike cm—3s
for the bulk recombination rate shown in Eqn. 2.8. Hence a new quantity, surface recombination
velocity (SRV) defined by the relation, S = Uy/An is introduce to represent the flux of the
carriers towards the surface of the semiconductor. Lower the flux of minority carriers towards
the interface, lesser is the recombination, and hence lesser the value of surface recombination
velocity. The maximum value of surface recombination velocity cannot exceed the thermal
velocity (107 cm/s) at room temperature. For the best quality interfaces, SRV should be as low
as possible. SRV is measured from the lifetime measured in a lifetime tester using the following
equation.
11 N Stront | Srear

= + 2.11)
Teff  Thulk W W

Torr 1s the effective lifetime, Ty, is the bulk lifetime, S f,05, Syeqr 18 the surface recombination
velocity (in cm/s) at the front and back side of the wafer, and W is the thickness of the wafer
(in cm). This equation is used through out this thesis to measure the surface recombination
velocity. The bulk lifetime (7p,;;) of the wafer comprises of the following components, 7,4,

TAug» TsrH- It is given by the relation

1 1 1 1
_ + 4 (2.12)

Toulk  Trad  TAug  TSRH

If the same passivation layer is used on both sides of the silicon wafer, then Eqn. 2.11 can be

rewritten as:
L 1 +2Seff

Torf  Thulk w

(2.13)

In order to minimize the impact of 7y, on the measured 7.ry, typically float zone (FZ)

wafers with high lifetimes are used for the measurement.
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2.1.6 Simulation of surface passivation

The influence of chemical and field effect passivation on the effective surface recombination
velocity was simulated using the methodology described by Dingemans et al. [10]. The ex-
cess carrier density at steady state was calculated for a specific wavelength and a specific fixed
charge density using PC1D. PC1D is solves the poisson and continuity equations to simulate
one dimensional carrier transport in semiconductors. The tool has been widely used for sim-
ulating and modelling silicon solar cells. In the simulation discussed in this section, a n-type
wafer with resistivity of 2 Q cm and bulk lifetime of 1 ms was chosen as the starting mate-
rial. A steady illumination at 300 nm, with an intensity of 0.1 W/cm? was used to simulate the
generation of carriers. Positive fixed charges were applied to the top surface of the wafer and
the corresponding excess carrier densities were calculated using PC1D. For the excess carrier
densities (ng, ps) obtained, the net surface recombination rate (Uy) was calculated by solving the
SRH equation with interface trap density (N;; in cm~2) and capture cross sections as additional
inputs. S, rr was calculated at an injection level of 105 cm™3. The methodology used for com-
putation as well as the MATLAB code used for computing the Sz is included in Appendix A.
The impact of the interface parameters, N;; (governing chemical passivation) and Q,, (govern-

ing field effect passivation) on the surface recombination velocity (S.z) is shown in Fig. 2.2.

S . (cmis)
S, (cm/s)

——10" cm?
1024 —— 10" cm?
——10"% cm?

10°  10° 10" 10" 21013 10° 10" 10" 10" 10"
Fixed charge density (cm™) Fixed charge density (cm?)

(a) (b)
Fig. 2.2: Impact of N;; and positive Q7 on S, s for two different capture cross section ratios (a)

06,/0,=1(b) 0,/0,=0.01 on n - type wafer with 7p,;; = Ims.

For the simulation with 6,/ = 1, it can be seen that the effect of field effect passivation

starts to become evident for Qy >10'"" cm™2. It can also been seen that S, rf (chemical pas-
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sivation) has a strong dependency on N;;. The dependency of S.r; on the electron and hole
capture cross sections is also shown in Fig. 2.2(b). For the ratio of 6,/6, = 0.01, maximum
value of S,rr is observed close to Qy ~8x10!'" em™2. This corresponds to a point of maxi-
mum recombination where the ratio of excess carrier density (py/ns) is approximately equal to
0,/0, [25]. The capture cross section of electrons and holes are dependent on the processing
conditions as well as the type of dielectric used for the passivation. The plots shown in Fig. 2.2
gives a qualitative understanding on the impact of various interface parameters like Q, Dj, 0,

and 0, on the surface recombination velocity. Additionally, Fig. 2.3 shows the impact of field

10*
<
‘T 10°4
Qﬁa
E 2
010 -
[72]
——10"%cm’*
——10” cm*
1
10 T
10 10 10 10 10

Fixed charge density (cm™)

Fig. 2.3: S.rr normalised with S, ¢, (min) for two different doping densities. N;, of 100 ¢cm—2
and 6,/0 ), = 1 was assumed for this simulation.

effect passivation on wafers with two different doping densities of 10'® cm~3 and 10%° cm—3.
Simulated S, 77 is normalised to the minimum S, ¢7 (S, (min)). It can be seen that an increase

in positive Q (higher field effect passivation) is seen to have a minimal impact on a wafer with

2 was assumed

higher doping density than a wafer with lower doping density. N;; of 10'© cm™
for these simulations, and 6,/0, = 1 was maintained. It was also observed from simulations
that the impact of N;; on S,¢¢/S, ¢ (min) did not have any bearing on the doping density of
the wafer. Thus it maybe concluded that in case of heavily doped surfaces like that of the n™
emitter in ¢ - Si solar cells, the interface state density may play a major role in determining the

net S, 7y than the positive fixed charge density. The result shown in Fig. 2.3 agrees qualitatively

with what was previously reported by Glunz et al. [27].
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2.1.7 Photo conductance decay measurements

The fundamental principle behind the measurement of effective carrier lifetime is outlined in
this section. Uniform illumination of a block of silicon will result in the generation of excess
carriers in silicon. As the source of light is switched OFF, the carriers decay over time. Mea-
suring the decay rate of the excess carriers in the block of silicon will give an estimate of the
carrier lifetime [22]. A higher recombination rate results in faster decay of generated carriers ,
thereby resulting in lower the carrier lifetimes. The dynamics of this recombination process can

be mathematically modelled using the continuity equation:

0An 16J,
W = G(t,x) —U([,X) +5 6_X'

(2.14)

where G and U are the generation and recombination rates respectively (in cm ™) in the block
of silicon under investigation, and An is the excess carrier density in cm 3. J, is the electron
current due to spatial variation in generation rate. Spatially uniform generation would imply that
the third term on the right hand side of Eqn. 2.14 will become zero. Uniform generation in the
bulk of the silicon wafer is ensured by illuminating the sample with an IR source. Substituting

U = An/7Tp,k, and replacing Ty = Terf, Eqn. 2.14 modifies to

An
Teff = Py (2.15)
G—%"
which is the generalized expression for measurement of carrier lifetime. In case of transient
measurements, a light pulse is rapidly turned off, following which the decay of excess carriers

take place. This would imply, G = 0, and Eqn. 2.15 is modified to yield the relation for lifetime

measurement in transient mode.
An
Teff(tr) = SMn (216)
5t
The transient mode is typically used for measuring higher lifetime samples. In steady state

(quasi steady state) mode, 0An/dt = 0, and Eqn. 2.15 is modified to yield the lifetime.

An
Torr(gss) = el (2.17)

As seen from Eqns. 2.16, 2.17, the effective lifetime in a semiconductor can be computed by

finding the time dependent variation of excess carrier density and generation rate. The variation
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in the carrier density with time is measured using a photo conductance decay measurement
system [26]. The system consists of a tuned RF bridge, which is detuned as the conductivity of
the sample changes with illumination. The change in conductivity (Ac) brought about by the

excess carrier generation is given by the relation:
Ao = q(ln + Up) AnW (2.18)

where U, [, are the electron and hole mobilities in the semiconductor, W is the width of the
sample and q is the electronic charge. A calibrated reference solar cell is used to estimate the
time dependent illumination intensity, which is used to compute the generation rate using the

equation [26]
_ qAnW

Teff

Jph (219)

where J,;, is the photo generated current for a given irradiation. Combining Eqn. 2.18, 2.19,

effective lifetime can be computed using the relation,

Ao

- 2.20
Tt 11) (220

Teff =

2.2 Surface passivation layers in silicon solar cells

The impact of surface passivation on the performance of a c - Si solar cell is discussed in this
section through simulations. A solar cell with an efficiency in excess of 20% was simulated
using PC1D. The parameters used for the simulation of the solar cell are listed in Table 2.1. The
impact of front and rear surface recombination velocity on the performance of the simulated
solar cell parameters was studied by varying the front and rear surface SRV.

The results of the simulation are summarised in Fig. 2.4. The open circuit voltage (V)
is shown to degrade significantly for front surface SRV’s greater than 10* cm/s as shown in
Fig. 2.4(a). The emitter doping on the front surface makes it more tolerant to the variation in
front surface recombination velocity [27]. However, for a given front surface SRV, V. degrades
significantly as the rear surface SRV increases from 10 to 100 cm/s. Thus from the simulated
results, it maybe concluded that the front surface of the silicon solar cell is more tolerant to SRV
variations, while a poor passivation of the rear surface can degrade the solar cell performance

significantly. As the front surface SRV increases from 1 cm/s to 10® cm/s, the V. is seen come
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Table 2.1: Parameters used for simulating a p-type Si solar cell with efficiency > 20%

Parameter \ Value ‘
Wafer thickness 180 um

Front surface texture 5 um
Anti-reflective coating 75 nm, RI-2.0
Emitter contact resistance 1 mQ

Base contact resistance 1 mQ

Shunt resistance oo

P - type substrate doping 1.513x10'® cm—3
Emitter doping 1.843x10%° cm—3
Junction depth 0.316 um
Bulk lifetime 1 ms

Front SRV 1 - 106 cm/s (varied)
Rear SRV 1 - 10% cm/s (varied)

down by almost 55 mV (at a rear surface SRV of 100 cm/s). Fig. 2.4(b) shows the variation
in short circuit current density (J.) with the front and rear surface SRVs. J. is seen to have a
weak dependency on the front and rear surface SRV’s. As the front surface SRV increases from
1 cm/s to 10° cm/s, the T, is seen come down by 1.4 mA/cm? (at a rear surface SRV of 100
cm/s). In this context, it maybe concluded that estimating the V. of a solar cell can give a fair
understanding of the passivation quality of a dielectric film applied on the front or rear surface

of a solar cell.
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E 630 N Ah:gs <34 "0 1ca
- - . ] 2|2 3
S I S I e
\\ -" 331 0153
610- — ——10"| 3
- 5
600- 32 —1—106 %
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10" 10" 10° 10° 10' 10° 10° 10" 10" 10° 10° 10° 10° 10°
Rear surface SRV (cm/s) Rear surface SRV (cm/s)
(a) (b)

Fig. 2.4: PCID simulation results showing the impact of front and rear surface recombination
velocities (a) open circuit voltage (b) short circuit current density. The impact of surface recom-
bination velocity (front and rear) is seen to be more dramatic on the open circuit voltage than
on short circuit current density.

Passivating a silicon surface can be carried out using both organic and inorganic methods.
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Some of the commonly used organic compounds for passivating the silicon surfaces are Quinhy-
drone methanol (QM) and iodine ethanol (IE). The dominating passivation mechanism in these
solutions is the chemical passivation wherein the dangling bonds are passivated by the various
components present in the respective solution. In case of IE and QM solutions, the silicon dan-
gling bonds are passivated by - O - CH; - CH3 and - O - CH3 groups respectively [28, 29]. More
recently, there have been reports suggesting that the surface passivation brought about by QM
solution also includes a component of molecular field effect passivation [24]. Inspite of the very
low SRV values yielded by organic compound based surface passivation, these schemes are not
implemented in solar cells. However, these organic solutions are typically used for measuring
the bulk lifetime of the wafers used for the solar cell processing. Hydrofluoric acid is another
solution used for passivating the silicon surface. In case of HF based passivation, the dangling
bonds are reportedly passivated by hydrogen [28].

In case of crystalline silicon solar cells, inorganic thin films like silicon nitride, silicon oxide
and Al,O3 are widely used for surface passivation of front and rear surface of the solar cells.
Silicon nitride films with positive charges are well suited for passivating n-type silicon surfaces,
and is widely used for passivation of n-type emitters in silicon solar cells. Besides electrically
passivating a surface, a passivation layer when implemented on a solar cell should also have
long term stability and should be robust to long term exposure to light. Passivation schemes
based on silicon nitride films have been reported to exhibit excellent long term stability as well
as UV stability [30, 31] and has hence been one of the widely used dielectric for emitter surface
passivation in ¢ - Si solar cells. Besides, it also serves as an antireflective coating in ¢ - Si solar
cells. However, using silicon nitride films to passivate the rear surface of a p-type passivated
emitter and rear contacts (PERC) solar cell can result in parasitic shunting [32] and is one of
the reason why alternative dielectrics like Al,O3 are looked at, for passivating rear surface in
p-type c - Si solar cells.

Al,O3 with negative charges is suitable for passivating p-type silicon surfaces. For example,
p-type base in conventional cell front n* emitter architecture on p-type wafers, or p-type emitter
on n-type wafers. Al,O3 films have exhibited long term stability as well as UV stability making
it an ideal candidate for implementation in silicon solar cells [33]. In this section, some of the
commonly used surface passivation layers in both commercial as well as high efficiency solar

cells based on PERC, PERT, and PERL architectures are reviewed.
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2.2.1 Screen printed silicon solar cells

The discussion included in this section covers some of the surface passivation approaches used
in screen printed crystalline silicon solar cells where the front and rear contacts are screen
printed and co-fired. The solar cell comprises of a p-type substrate with a heavily doped n™
emitter surface on the front surface. Silicon nitride is deposited on the front surface which
serves as a surface passivation and anti-reflective coating. Screen printed Ag and Al are used
as the front and rear surface contacts, which is co-fired in a rapid thermal annealing furnace to
make contact to silicon. The rear surface is completely covered with screen printed Aluminium,
which diffuses into silicon during co-firing. The diffused Al form a p+ doped silicon layer
and the p™-Si - p-Si junction produces a back surface field (BSF). The Al - BSF serves as the
rear passivation layer in case of most of the commercially available screen printed solar cells.
Table. 2.2 lists some of the reported surface passivation layers used in large area solar cells with

screen printed contacts on the front and rear surfaces.

Table 2.2: Summary of surface passivation layers used in screen printed solar cells.

’ Substrate \ Front surface \ Rear surface
3 SiN Al - BSF
pl34] SiN a-Si
pl33) Wet chemical oxide - SiN Al - BSF
p[36] Thermal SiO; - SiN Al - BSF
pl37] Rapid thermal oxide (SiO) - SiN Al - BSF
NI38] Thermal SiO, - SiN Thermal SiO, - SiN, n* BSF
N139] Thermal SiO; - SiN, n* FSF pt Al
N40] SiN pt Al
N[35] Wet chemical oxide - SiN Wet chemical oxide - SiN

One of most commonly used front surface passivation layer is silicon nitride film. A film
of 75 nm thickness, and refractive index of 2.0 is typically used as the anti - reflective coating
and surface passivation layer. Stacks of silicon oxide/silicon nitride have also been used for
surface passivation applications, wherein, the thin layer of silicon oxide have been grown using
conventional furnace oxidation or using rapid thermal oxidation (RTO). Low temperature oxi-
dation processes involving nitric acid, referred to as wet chemical oxide in Table. 2.2, are also
reported to result in an improvement in solar cell surface passivation. These low temperature
grown oxides are seen as alternatives to the furnace grown or RTO grown silicon oxide films.

One such approach to growing silicon oxide films is by exposing a silicon wafer to an oxidising
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plasma ambient. The proposed process and its feasibility for application in silicon solar cells is

discussed in great detail in chapter 5 and 6 of this thesis.

2.2.2 High efficiency solar cell architectures

High efficiency solar cell architectures discussed in this section include the PERL, PERC and
PERT solar cells. In case of PERL and PERC solar cells, the rear contact is locally diffused at
certain regions using photo lithography [41] or laser firing [45]. In case of PERT solar cells, the
rear surface is totally diffused, and a passivation layer is used all over the rear surface. Table 2.3
summarises some of the dielectric layers used for surface passivation in these high efficiency

solar cells.

Table 2.3: Surface passivation layers used in high efficiency solar cell architectures.

’ Cell architecture \ Front surface \ Rear surface ‘
p - PERLI4] Thermal SiO, Thermal SiO,
p - PERLM Thermal SiO; - SiN | Thermal SiO; - PECVD SiOy - SiN
p - PERCI421,(67] SiN Thermal SiO, (wet)
p - PERCI43] Thermal SiO, PECVD a-Si - SiO,
p - PERCI* SiN Double layer SiN
p - PERC4Y] Bilayer SiN ALD ALOj; - PECVD SiN
p - PERCI40) Thermal SiO; - SiN Thermal SiO; - AlO, - SiN
p - PERC47] SiN ALO; - SiN
n- PERT4 Thermal SiO5 - SiN | Thermal SiO, - PECVD SiOy - SiN
n- PERTI#3] Thermal SiO, - SiN Thermal SiO, - SiN

The list shown in Table 2.3 though not exhaustive, is representative of some of the com-
monly used dielectrics for surface passivation of high efficiency silicon solar cells. One of the
commonly used dielectric layer for surface passivation in high efficiency silicon solar cells is
the thermally grown silicon oxide film. The film has been used independently or in tandem
with other dielectrics for front surface as well as rear surface passivation, once again reiterating
the need for developing silicon oxide films at low temperatures. Stacks of Al;O3 - SiN films
have also been seen to be widely used for rear surface passivation in PERC solar cells. Al,O3
deposited by ALD (thermal and plasma) [45], reactive sputter deposition [49] and spray coat-
ing [50] have been investigated for potential rear surface passivation. Field effect passivation is
found to be one of the dominating mechanism in case of Al,O3 based surface passivation. How-

ever, very low interface state density (< 10! eV—lecm™2) have been reported for Al,O3 films
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deposited by atomic layer deposition (ALD), making it an ideal candidate for surface passiva-
tion of both n and p-type silicon surfaces as well as n™ and p* emitter surfaces [10]. A detailed
discussion on Al,O3 based surface passivation schemes is beyond the scope of this thesis and
has been restricted to only silicon nitride and silicon oxide films as they form the crux of the

work discussed in this thesis.

2.3 Silicon nitride films for surface passivation of silicon

Silicon nitride films have been widely used in silicon solar cells as a surface passivation layer
and as an anti-reflective coating. The films serves as an excellent passivation layer and is known
to be stable over long periods of time and also exhibit excellent UV stability [31]. Typically
silicon nitride films with a refractive index (RI) of 2.0 and thickness of 75 nm is used as the
passivation layer as well as anti-reflective coating. Silicon nitride is predominantly deposited
using a plasma CVD (remote, direct) technique, though there are reports of other techniques like
Low Pressure CVD (LPCVD) and Atmospheric Pressure CVD. The low temperature (<450°C)
used in case of plasma CVD technique has made it a very popular technique in the PV industry.
Plasma deposited silicon nitride films are known to have a large amount of hydrogen present
in them. The hydrogen present in the film not only passivates the surface but also passivates
bulk defects in case of multi-crystalline silicon wafers. The film properties can be varied by
varying the deposition conditions, and thus by tuning the thickness and RI of the silicon nitride
film, the reflectance characteristics as well as surface passivation quality of these films can be
varied. This section includes a review on the surface passivation properties of plasma CVD and

LPCVD based silicon nitride films.

2.3.1 Plasma deposited silicon nitride films

Deposition of silicon nitride in a plasma CVD chamber involves using silane and ammonia as
the process gases. There are also some deposition processes, where the ammonia is replaced
by nitrogen. The silane gas used for the deposition is usually diluted in nitrogen or inert gas
ambient. By varying the ratio of silane to ammonia, the deposition rate, refractive index and
carrier lifetime in PECVD silicon nitride films can be varied. This was reported by Kerr et al.
who had demonstrated a carrier lifetime of 900 us for the best recipe on planar 1 Q cm p -

type FZ wafer [51]. Good quality of surface passivation was obtained for silicon nitride films

23



with refractive index (RI) ranging from 1.9 to 2.1 [51]. The effective lifetime was also seen to
strongly depend on the deposition temperature. Surface recombination velocities of 4 cm/s and
20 cm/s was demonstrated by Lauinger et al. for remote plasma (2.45 GHz) CVD deposited
silicon nitride films on 1  cm and 0.7 Q cm planar p - type FZ wafers respectively [52]. SRV
was reported to be strongly correlated to the deposition conditions, and stable passivation layers
were obtained at a RI of 2.3 [53]. Very recently, Duttagupta et al. have demonstrated very high
Terr of 950 us for silicon nitride film (RI = 2.05) deposited using an inline PECVD reactor
[54]. Following a high temperature firing in a belt furnace, 7.rr increased further to 1470 us
on n-type 1 - 2 Q cm FZ wafers. Silicon rich silicon nitride films (RI = 2.5) exhibited very high
Terr of 2500 ps which degraded to 435 us after the high temperature firing step.

Higher RI films are reported to result in very high 7.z, but 7,7 is seen to degrade signifi-
cantly following the high temperature firing step at temperatures above 800°C. The degradation
in T.zy 18 attributed to the hydrogen effusion from silicon nitride. The degradation in T,7f is
reported to have a correlation to refractive index of the silicon nitride film [55]. To improve the
thermal stability and to reduce the parasitic shunting effects seen in conventional silicon nitride
films, a bilayer silicon nitride is used. The stack comprises of a silicon rich (RI~ 3.46 - 4.16)
nitride layer at the bottom capped with a nitrogen rich silicon nitride(RI~ 1.9 - 2.0). The films
exhibited an SRV of 12 cm/s and the SRV was found to be stable to the firing process [44].
However, the net refractive index of the stack was 3.6, and hence the parasitic absorption would
be higher in these films.

The high quality of surface passivation in silicon nitride is the result of a combination of
the positive fixed charge present in the film and the lower interface state density, contributing
to the field effect and chemical passivation respectively. The hydrogen present in silicon nitride
passivates the dangling bonds at the silicon - silicon nitride interface [56]. The amount of
hydrogen trapped in PECVD silicon nitride film varies from 15 - 30% [57]. The hydrogen is
trapped in the film during the deposition of the film using silane and ammonia as the reactant
gases. The positive charge in silicon nitride is brought about by the presence of K centre, which
is a silicon atom back bonded to three nitrogen atoms i.e. N3=Si. . The K centres can be
neutral, positively charged or negatively charged. The charge can be modulated by varying
the refractive index of the film. For films rich in nitrogen, the positive fixed charge density is
reported to increase [58]. Lamers et al. had also reported that by using plasma pre-treatment

steps, silicon - silicon nitride interface can be modified, and thus the surface passivation quality
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of the silicon nitride film can be modulated independent of the bulk properties of the silicon
nitride film [58]. Electron energy loss spectroscopy (EELS) on silicon - silicon nitride interface
indicated nitrogen trapping within ~1nm of the silicon surface during silicon nitride deposition.
This nitrogen trapping was reported to result in significant strain at the silicon - silicon nitride

interface, which can have a detrimental impact on the passivation quality [59].

2.3.2 Low pressure CVD silicon nitride films

Low Pressure CVD (LPCVD) silicon nitride films have also been previously investigated for
potential application in silicon solar cell technology. These films are known to be very resistant
to etch solutions, and are used as a diffusion barriers in silicon CMOS technology. The films
exhibited poor surface passivation quality when deposited directly on a bare silicon wafer. The
hydrogen content in LPCVD films (2 - 10%) is significantly lower than those for PECVD sil-
icon nitride films (20 - 25%), resulting in its poorer passivation quality [60]. However, when
deposited over a thermally grown thin silicon oxide film, these LPCVD silicon nitride films
exhibited high effective lifetime [57]. However, these films have not been used in silicon solar
cells because of the high deposition temperature and its incompatibility to high temperature
contact firing processes. Weber et al. had demonstrated very low surface recombination ve-
locities (< 2 cm/s) for LPCVD films deposited on p-type FZ wafers with a sheet resistance of
100 Q/LJ [61]. A corona charging method was used to deposit negative charge on the dielectric,

which resulted in low SRV.

2.3.3 Impact of post deposition plasma treatments on surface passivation

of silicon nitride films

Degradation of surface passivation quality of silicon nitride films have been reported by various
others [18, 62]. Bose et al. had exposed a PECVD silicon nitride film to a N20 plasma at 250°C
for 20 min. Following N,O plasma exposure, the interface state density as well as positive fixed
charge density was seen to increase for different silicon nitride films investigated in [18]. The
increasing defects within the film as a result of plasma damage was suggested as a potential
cause for the increase in D;;. Similar results was obtained by Wan et al. when a silicon nitride
film was exposed to NH3 plasma at room temperature [62]. A significant increase in SRV was

observed upon exposing the films to NH3 plasma. Longer the duration of plasma exposure,
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greater was the extent of degradation in surface passivation quality. The increase in D;; was
attributed to an incorporation of N - H radicals into the bulk of the SiN film which may have
resulted in generation of additional defects. Wan et al. had also demonstrated similar degrada-
tion in passivation quality for a-Si films as well [62]. Post deposition treatment of silicon nitride
films assumes significance owing to its potential application in case of Ni - Cu based metallisa-
tion in silicon solar cells. By treating the film is various oxidising ambients (including plasma),
the residual plating of Ni/Cu on silicon nitride films can be minimised. Optimal process devel-
opment would require a study on the impact of such a post deposition plasma treatment on the
surface passivation quality of the respective SiN film. In Chapter 7 of this thesis, one such post
deposition plasma treatment process capable of minimising background plating and improving
the surface passivation quality is discussed. The results reported in chapter 7 contradicts some
of the previously published results [18, 62] and also discusses the potential mechanism behind

the improvement in passivation quality.

2.4 Silicon oxide films for surface passivation of silicon

Thermally grown silicon dioxide films are known to form the best quality interface with silicon
and has been used as a surface passivation layer in high efficiency silicon solar cells. The
process have not been widely adopted by the solar cell industry owing to cost and throughput
considerations. In this light, silicon oxide films grown or deposited by other methods have
invited a lot of attention from the solar cell community. One of the candidate is silicon oxide
films deposited using PECVD. However, stand alone PECVD deposited SiO, films have not
shown good surface passivation quality [43]. Stacks of SiO, - SiN, have thus evoked a lot of
attention from the PV community and are known to yield high quality of surface passivation.
This section reviews some of the stacks of SiO, - SiN, films used for surface passivation. The
section also reviews some of the available literature on silicon oxide films grown through wet

chemical oxidation as well as plasma oxidation.

2.4.1 Stacks of SiO, - SiN films for surface passivation

Hofmann et al. [43] had reported that PECVD SiO, cannot effectively passivate silicon sur-
faces. It was proposed that stack systems based on SiO, - SiN, can result in improved surface

passivation properties. A minimum SRV of 60 cm/s was measured on p-type 1 2 cm FZ wafers,
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for a stack of PECVD SiO, - SiN, after a firing step at 850°C for 3 s. Dingemans et al. [63] had
shown surface recombination velocity of 6 cm/s and 11 cm/s for a stack comprising of PECVD
SiO; - SiN,:H for n-type and p-type FZ wafers after a post deposition anneal at 400°C for 30
mins. The surface passivation quality was found to remain same even after annealing the film
at 850°C for 30 secs. Mack et al. had demonstrated an S, 7 of ~ 8 cm/s on p-type FZ wafers
after depositing 90 nm of PECVD SiOy film on 9 nm of thermally grown SiO; [64]. Larianova
et al. demonstrated S, 7 of 2.4 cm/s on 2.5 Q cm n-type FZ wafer for a stack of thin thermally
grown SiO; - SiN films. S, rr was reported to be strongly correlated to the thickness of the SiO,
film [65]. Extremely low S,rr reported for the stack was at par with what was observed for
annealed SiO» films [65]. Similar enhancement in lifetime for stacks of thermally grown S10;
- SiN have been reported by many other authors [51, 66]. Stacks of SiO; - SiN films find ex-
tensive application in rear surface passivation of PERC solar cells not only because of the high
quality of surface passivation but it also eliminates the parasitic shunting problem associated
with silicon nitride films when used on the rear surface [32]. However, as previously discussed,
the major bottleneck of using thermally grown SiO, films is the high temperature (hence higher
cost) used for the growth, and the associated throughput problems owing to the lower oxidation
rate.

In order to integrate the thermal oxidation process into solar cell process flow, approaches
for lowering the oxidation temperature and improving the oxidation rate is actively investigated.
One of the approach involves oxidation in a steam ambient [67, 42]. For silicon oxide film
grown in steam ambient at 950°C, Mack et al. have demonstrated S,y of 25 cm/s on p-type
1.25 Q- cm FZ wafer following a forming gas anneal. S,y for the as grown oxide film was
found to be ~ 125 cm/s. The thermally grown SiO; film was used to passivate the rear surface
of p-type PERC solar cells. The wet oxidation process reported in [42, 67] still uses a high
temperature for the processes, but mitigates the problem of low oxidation rate observed for

oxidation in dry O, ambient.

2.4.2 Wet chemical oxidation of silicon

A widely reported low temperature oxidation process is chemical oxidation of silicon in oxi-
dising solutions. Nitric acid has been used for growing thin SiO; films on silicon for surface
passivation. Grant et al. demonstrated a SRV of 40 cm/s for a 5 nm SiO; film grown using

nitric acid. However, the desirable passivation levels were obtained only after a high temper-
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ature anneal (800°C - 1100°C), thus eliminating any potential advantage in terms of thermal
budget [12]. More recently, Anamaria et al. demonstrated that silicon oxide films grown in
an O3 + UV ambient prior to deposition of Al,O3 - SiN, and AIN - SiN, stacks can result in
an improvement in emitter surface passivation quality [68]. Silicon oxide films grown in O3 +
UV ambient was also reported to improve the wettability of silicon surfaces resulting in better
uniformity for inline phosphorus diffusion process [69].

Electrochemical oxidation of silicon eliminates the high temperature anneal step and yields
SRV of 15 cm/s but is plagued by long oxidation time, and non uniformity [70]. Recently,
light induced anodic oxidation is reported to improve the oxidation rate and uniformity of the
grown oxide file [71]. The process reported by Cui et al. is used to oxidise p-type surfaces and
requires the formation of a n™ emitter and a thermally grown SiO, film at 950°C to protect the
n™ emitter surface during the anodic oxidation process [71].

Chowdhury et al. had investigated the potential of native oxide for surface passivation [72].
They had shown a minimum SRV of 8 cm/s for an oxide thickness of 1 nm, after capping it
with a SiN,:H films. The native oxide growth was carried out for 4 months. However, the very
long oxide growth times makes the process less interesting from a commercial point of view.
However, there is no comment on the firing stability and long term stability of the stack. A SRV

of 18 cm/s is also reported for an oxide grown in nitric acid and capped with SiN,:H [72].
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Fig. 2.5: (a), (b) IQE for n-type Si solar cells with wet chemical grown SiO,/PECVD SiN,, films
used for emitter surface passivation [73, 74]

Oxidation of silicon in HNO3 is a self limiting process (~1.6 nm) and hence can only be
used for growing ultra thin silicon oxide films. Hence these wet chemical oxides need to be

capped with other dielectrics like silicon nitride, for application as passivation layers in ¢ - Si

28



solar cells. Stacks of wet chemical grown SiO; - PECVD SiN; films was used for emitter sur-
face passivation of n-type silicon solar cells [73] The films were grown by oxidising the silicon
in nitric acid. The V,. was found to improve by 27 mV following the use of wet chemical grown
Si0, - PECVD SiN, for emitter surface passivation. The corresponding internal quantum ef-
ficiency (IQE) curves are shown in Fig. 2.5(a). A significant improvement in emitter surface
passivation can be inferred from the IQE curves. The same was confirmed by means of effective
lifetime measurements [73]. More recently, Matsumoto had demonstrated similar improvement
in solar cell performance on both n - type and p - type silicon solar cells. A V. improvement
of 10 mV was demonstrated for p-type silicon solar cells [35]. On n-type silicon solar cells, a 4
mA/cm? improvement in Jy., and a 3.4 mV improvement in V. was reported [35, 74]. The cor-
responding IQE curves for the n-type silicon solar cells are shown in Fig. 2.5(b) [74]. The nitric
acid grown SiO; film was reported to shield the silicon surface from plasma damage resulting
in an improvement in emitter surface passivation [35, 74]. These results clearly demonstrates
the potential of stacks of silicon oxide/silicon nitride films for surface passivation applications

in silicon solar cells.

2.4.3 Growth of silicon oxide films in plasma ambient

Silicon oxide can be grown by exposing Si wafer to a plasma struck in O, ambient [14]. Bright
et al. have shown that a two step plasma oxidation/deposition can result in high quality inter-
faces [75]. A 0.5 nm thick SiO; layer was grown by exposing the Si wafer to a He + O, plasma
for 15 s at a temperature of 200 - 300°C. They report that this thin oxide layer removes carbon
from the surface and prevents nitrogen incorporation at the interface, resulting in D;; in the order
of 101%V—1ecm~=2 [75]. Sekine et al. has reported radical based oxidation of silicon resulting
in high quality oxides [14]. These plasma grown oxides have better interface properties when
compared to thermal oxidation. These plasma oxides were grown at 400°C in an microwave
plasma system using Kr + O, as the process gas, and MOS transistors were fabricated using the
plasma grown oxide [14].

Nitrous oxide plasma have been investigated for growth of plasma oxides. Garduno et al.
have reported the growth of oxide using nitrous oxide in a PECVD chamber. It is reported
that by using nitrogen as process gas, silicon nitride films can also be grown [76]. Diniz et
al. have reported the growth of silicon oxy-nitride films by low energy implantation of NO™

ions into silicon [77]. A dielectric constant of 5.5 and a positive fixed charge density of 7x10'°
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cm 2

was obtained, and the authors report the films as a potential candidate for gate oxide
applications. However, the interface state density was not reported [77]. It is reported that
using N> O plasma can result in lower ion damage as compared to O, based plasma, resulting in
improved interface properties. The oxide films grown in nitrous oxide ambient were reported
to have lower surface roughness as compared to films grown in oxygen plasma. Additionally,
incorporation of nitrogen at the interface is also reported to contribute to lower interface state
density [78].

In the sections below, a detailed study of the growth dynamics of plasma oxides in capac-
itively coupled and inductively coupled plasma systems is reported. Additionally, the role of

inert gas in the plasma oxidation process is also looked into. Finally, the application of plasma

oxides on MOS devices is also reviewed.

Growth dynamics

The oxidation kinetics in an inductively coupled plasma system using an oxygen plasma was
reported by Choi et al. [79]. Si substrate with a chemically grown oxide was used for their
studies. The oxide growth process was modelled by a linear parabolic law with a negative linear
growth rate constant. However, the initial growth rate is reported as a rapid growth process. The
diffusion coefficient of the oxidising species in the growing oxide on the surface is higher when
the oxide is thin and lower when the oxide is thick, resulting in a rapid oxide growth during the
initial phase. However as the thickness of the oxide increases, the process becomes diffusion
limited, similar to the case of thermally grown dry or wet oxides [79]. Activation energy of
the linear rate constant was computed as 0.35 eV and parabolic rate constant as 0.37 eV, which
is much lesser than those for thermally grown oxides. The growth process is modelled by
Eqgn. 2.21. )
f—P-I-Z(—L:H—T (2.21)
where X is the oxide thickness, t is the oxidation time, kp and k; are parabolic and linear rate
constant respectively, and 7 is the time constant. Fig. 2.6(b) shows the growth rate for films
grown in ICP [80] and PECVD based plasma system [76].

High density plasma oxidation using O is faster as compared to N,O based plasma oxida-

tion. This difference in oxidation rate is likely due to decreased electron density and presence of

different oxidising species in N, O plasma compared to the O, plasma. Furnace oxidation based
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Fig. 2.6: (a) Modified power law based model for PECVD grown oxides [76] (b) Parabolic
growth rate model for oxide films grown in ICP chamber [80].

on N»O also has lower oxidation rate as the nitrogen incorporation at the interface restricts the
flow of oxidising species into the interface, thereby limiting the growth process [80].

Garduno et al. modelled the growth of oxides in N>O or O, ambient by using a modified
power law, taking into account the pressure and time dependence of the growth process. The
growth process was carried out in a capacitively coupled chamber of a PECVD equipment. Ion
energy is known to play a key role in the oxidation reaction and transporting the reactive species

to the interface. The oxidation process was modelled by Eqn. 2.22.
Xox = Ag. P Fa/KT pa (1 4-1,)" (2.22)

where P is the pressure (in Torr), P, is the power (in W), and T is the temperature (in K).
Parameter n depends on the gas being used for the process and is 0.2 for O, and 0.16 for
N,O. Parameters, A, q, E;, and m are determined from experiments, and varies according to
equipment used for growing the oxide [76]. Fig. 2.6(a) shows the oxide growth modelled using

the proposed modified square law.

Role of inert gas on oxidation process

One issue with plasma oxidation is the surface damage brought about by bombardment of en-
ergetic ions during the oxide growth process. However, in order to minimize the damage, inert
gas + O, mixtures are used to reduced the amount of energetic oxygen ions. In the above sec-

tion, the growth dynamics was modelled for plasma oxides/oxy-nitrides grown in a pure O, or

31



Inert Gas:Oxygen =97/3, 1 Torr, 5W/cm? He*
T T T

i
o

Kr/O, Plasma

4000C  ~—s. W T
g 30F AN
£ Ar/O, Plasma Thermal Oxide | . 0,*(12.1eV)
2 400°C 1000°C (Dry) AT e — __ O'D+0'D(11.6eV)
o 20 .
< Xe —_ O'D+O%P(8.9eV)
.fé ’ T o — OP+O°P(7.0eV)
» . 2
= 10 \ He/O, Plasma 400°C 19.8eV 11.6eV 9.9eV 83eV
XelO, Plasma 400°C —
0 FURT SR T T [ WY Y T W N SN N S W N S S S
0 10 20 30 40
Oxidation Time(min) He — Ar Kr Xe 0,
(a) (b)

Fig. 2.7: (a) Growth rate in inert gas - oxygen mixture (b)Energy diagram of inert gas and
oxygen [14].

N>O ambient. Addition of inert gas to oxygen is reported to enhance the oxidation rate, and
improve the electrical properties of the grown oxides [14]. The oxidation rates are better than
those reported for thermal oxides when a mixture of Kr + O, is used for growing the silicon
oxide. The oxidation rates for various oxygen/inert gas combinations is shown in Fig. 2.7(a).
Addition of krypton to oxygen resulted in a stoichiometric silicon dioxide with stoichiometry
identical as film thermal oxide. The low temperature of growth makes this a very promising
alternative for thermally grown silicon dioxide.

Sekine et al. [14] explained the increased oxidation rate on the basis of the energy of ionized
inert gas with respect to oxygen. This is illustrated in Fig. 2.7(b). O'D + O'D is the highly
reactive state of oxygen and can lead to bond forming reactions. The inert gas helium with
higher energy for its first metastable state results in generation of more O, * species, which
is less reactive. The first metastable state of Ar* is at 11.6 eV and can result in more higher
number of O, T species than O'D + O!D, while Kr* with an energy level of 9.9 eV can lead
to more number of reactive species and leads to an increased oxidation rate. However, Kaspar
et al. reported that O'D species lead to an enhanced oxidation, only for thickness of ~2 nm.
Beyond that, continuous exposure to O'D radicals did not yield thicker oxides. The enhanced
oxidation in inert gas require other reactive species which would contribute to the diffusion of
reactive species into the oxide [81].

In reported literature, the oxidation rates for combinations of inert gas - oxygen was found to
have a strong dependence on the nature of the system used for the experiments. Kakiuchi et al.

used an atmospheric pressure plasma reactor [82]. Very high oxidation rates in the order of 28
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Fig. 2.8: (a) Oxidation in atmospheric pressure plasma chamber [82] (b) Oxidation rate for
different O,/Ar ratios[83].

nm/min was reported for oxidation in Ar + O, ambient [82]. However, the results presented by
Kakiuchi et al. indicate that oxidation in Kr + O, plasma ambient has the lowest oxidation rate
at room temperature in comparison to oxidation rates in He + O, and Ar + O, plasma ambients,
as shown in Fig. 2.8(a). This result contradicts the results reported in [14] possibly due to the
difference in the plasma systems used for the respective experiments. Fig. 2.8(b) shows the
oxidation rate in an ICP plasma system for different Ar + O, ratios. Higher oxidation rate was

observed for an O, plasma than their diluted counterparts [83].

2.2 T T T T T 1.2
L Inert Gas:Oxygen =97/3, L T03
| 1 Torr, 5W/cm2, 400°C ) > _
o 21 Oxide Thickness: 8 nm 2 09 - o /OzlAr—S/S
ﬁ | 3 L ":“.‘ O,/Ar=8/16
x 20 = /] .
= I 5 0.6 ; & O/Ar=8/48
@ 8 : f N
O 19 N i ‘/
[ S 03 FfF TO, .
é ==t / '\_\
1.8 ) . Thermal Si0, s
Z 0.0 ] A 1 A 1 ]
1.7

1200 1100 1000

He/O, ArQO, KrO, Xe/Q, Thermal Oxide |
Wave Number (cm )

1000°C 0, 100%
(a) (b)
Fig. 2.9: (a) O/Si ratio from XPS measurements [14] (b) FTIR spectrum showing Si - O - Si

vibrations for different O,/Ar ratios [84].

Films grown in different plasma ambient were reported to have different physical composi-
tions as indicated in Fig. 2.9(a). The film grown in Kr + O, ambient had a similar stoichiometry

as a thermally grown SiO, films. The enhanced oxidation rate in Kr + O, ambient may have
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contributed to the stoichiometric nature of the plasma grown film [14]. Liu et al. studied the im-
pact of different Ar + O, ratios on the physical composition of the films. FTIR investigations on
different films revealed that, for the same O, gas flow rate, and increase in Ar flow rate shifted
the FTIR peak corresponding to Si - O - Si vibrations from 1057 cm~! to 1065 cm™!. This was
closer to that observed for ultra thin thermally grown SiO; films as shown in Fig. 2.9(b). The
densification of the plasma grown film as a result of large Ar concentration in plasma is stated

to be the reason behind the shift in FTIR peak.

Interstitial oxygen in ultra thin plasma grown silicon oxide films

(a) before oxide etching (b) after oxide etching
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Fig. 2.10: FTIR spectrum for plasma grown oxide films of different thickness (a) before and (b)
after etching in HF solution [85].

Oxidation of silicon carried out at low temperatures can lead to trapping of interstitial oxy-
gen within silicon [85]. FTIR measurements were used to evaluate the presence of interstitial
oxygen within silicon. Fig. 2.10(a) shows the FTIR spectrum for the different oxide thickness.
The peaks at 1060 cm ™! and 817 cm ™! are due to Si - O stretching and bending mode vibrations.
The peak at 1106 cm™! is attributed to interstitial oxygen within silicon. FTIR measurements
following an oxide etch in HF solution, indicated the presence of interstitial oxygen for oxide
thickness of 5.4 nm and 7.8 nm, as shown in Fig. 2.10(b). The interstitial oxygen disappears
for thicker films because the silicon layer (with the trapped interstitial oxygen) is consumed
during the oxidation process [85]. Kim et al. called this interstitial oxygen trapped in silicon as
plasma damage. Further experiments using both O, and N, O as process gases also indicated the

trapping of interstitial oxygen in silicon. From plasma characterisation using optical emission
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spectroscopy (OES), it was concluded that atomic oxygen plays a crucial role in the trapping
of interstitial oxygen within silicon. Oxygen in silicon or interstitial oxygen leads to other ab-
sorption peaks apart from 1106 cm~!. The peak at 515 cm™! is attributed to bending mode

vibrations of Si - O - Si defect molecule [86]. There are similar reports assigning this band to

interstitial oxygen in silicon [86].

Device applications
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Fig. 2.11: (a) HFCV characteristics of MOS capacitor with Al gate (b) IV characteristics of
p-MOS transistor [14].

MOS capacitors and transistors were fabricated using plasma grown oxide as gate oxide
[14]. The device performance was compared with those using thermally grown oxides as the
gate oxide. Plasma oxides grown in Kr + O, ambient resulted in a D less than 1019ev-Tem—2,
which was lower than what was obtained for a thermal oxide grown in O, ambient at 1000°C.
High frequency capacitance - voltage (HFCV) characteristics at 1 MHz for metal oxide semi-
conductor (MOS) capacitors fabricated on n-type substrates with resistivity 3 - 5 Q cm is shown
in Fig. 2.11(a). 1; - V4 characteristics of MOS transistors fabricated on n-type substrate is also
shown in Fig. 2.11(b). A sub threshold swing of 69.5 mV/decade was reported for Kr + O,
plasma oxide as compared to 68.3 mV/decade obtained for thermal oxides [14]. As can be
seen,the device performance rendered by plasma grown oxide, which was grown at 400°C is
equivalent to or better than what was obtained for thermal oxides grown at 1000°C. This ex-
hibits the potential of plasma grown oxides for device applications. There are very few reports

on using plasma oxidation for solar cell passivation. The role of nitrous oxide plasma exposure
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on solar cells was investigated by Mahanama et al. [87]. An improved cell performance was

reported after N, O plasma exposure on solar cells having a micro crystalline Si emitter [87].

2.5 Summary of the chapter

Starting from the fundamentals of recombination in semiconductors, this chapter discussed the
fundamental concepts behinds surface passivation of silicon surfaces. The impact of the semi-
conductor - dielectric interface parameters like D;; and Q on the surface recombination rate
was discussed through simulations performed using PC1D. The impact of surface recombina-
tion at the front and the rear surface of a solar cell on the overall solar cell performance was also
discussed through simulations. A comprehensive review of some of the passivation layers used
on screen printed solar cells as well as high efficiency solar cells were presented. The chapter
also discussed the impact of post deposition plasma treatment on the surface passivation quality
of silicon nitride. The chapter concluded with a detailed review of some of the schemes used
for low temperature growth of silicon oxide films. The potential application of these films on
semiconductor devices was also discussed.

From the review of the existing literature on plasma oxidation processes discussed in this
chapter, it was found that there has been no reported study on the potential of plasma grown
silicon oxide films for passivating crystalline silicon surfaces. Plasma oxidation process, despite
being reported to yield equivalent performance as that of a thermally grown Si0; film, have not
made its way towards solar cell fabrication process. In this thesis a larger focus is given to these
two aspects. One is the evaluation of plasma oxidation process for surface passivation of silicon
surfaces which is discussed in chapter 5. Chapter 6 discusses the other aspect of integrating the
plasma oxidation process into the solar cell fabrication line. The impact of the plasma oxidation

process on the overall solar cell performance is also discussed in chapter 6.
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Chapter 3

Surface texturing processes for light

trapping in crystalline silicon solar cells

The optical losses in c-Si solar cells are primarily due to the reflection of light from the front sur-
face of the silicon wafer and reflection of light from the contact grids used on solar cells. Further
the photons of energy less than the band gap of silicon, 1.12 eV (corresponding to wavelength
of 1100 nm ) passes through the wafer without resulting in carrier generation. In order to miti-
gate the optical losses in mono crystalline silicon solar cells, the surface of the silicon wafer is
textured by etching the wafer in anisotropic etchants like KOH/NaOH. This process is seen to
bring down the weighted average (W, ) reflectance (300 - 1000 nm) to approximately 10 - 11%
[88]. Further reduction in reflection is brought about by using a silicon nitride film (75 nm, RI
= 2.0) as an anti reflective coating (ARC) on the textured silicon surface, which further brings
down the W, reflectance to 2 - 3 % [88]. Random pyramidal texturing and inverted pyramidal
texturing are the two main approaches used for surface texturing of mono crystalline silicon. Of
the two, random pyramidal texturing is widely used in commercial crystalline silicon solar cells
owing to its simplicity and cost effectiveness. Inverted pyramidal texturing process requires
expensive photolithography process thereby restricting its usage to laboratory scale high effi-
ciency PERL solar cells [7]. In multi crystalline silicon wafers isotropic etch solutions based on
HF + HNO3 + H,O are used for surface texturing [89]. Other etching schemes based on alka-
line (NaOH, KOH) solutions, NaOH - NaClO solutions and reactive ion etching (RIE) are also
reportedly used for surface texturing multi crystalline silicon wafers [90, 91]. Wav reflectance
of 27% was reported for an acidic texturing scheme based on HF + HNOj solution, which can

down to 8% on depositing an ARC [90].
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This chapter discusses the pros and cons of both random pyramidal texturing as well as
inverted pyramidal texturing, thereby establishing the need for development of alternative pro-
cesses for fabrication of inverted pyramids in silicon. Some of the alternative processes re-
viewed in this chapter include laser texturing, plasma texturing, texturing schemes based on
nano imprint lithography, colloidal lithography and inkjet printing. The chapter also discusses
some of the mask free processes used for fabricating inverted pyramids on mono crystalline

silicon surfaces.

3.1 Conventional surface texturing processes

Optical losses in crystalline silicon solar cells are mitigated by means of surface texturing and
an anti reflective coating. A wet chemical process based on anisotropic etchants like KOH/IPA
or NaOH/IPA is widely used for surface texturing of mono crystalline silicon in the solar cell in-
dustry [9]. Random pyramidal texturing of silicon is widely used in case of commercially avail-
able mono crystalline silicon solar cells, and is reported to yield a weighted average reflectance
value of 11.7% [92]. Random pyramidal texturing process involves exposing the silicon wafer
to an anisotropic etch solution at 80 - 90°C. The variation in etch rates between the <111> and
<100> planes results in the formation of pyramid like structures on <100> silicon wafers after
etching. Fig. 3.1(a) shows the surface of the wafer after etching. Sharp pyramids can be seen
to be formed. The process is simple to implement and has been widely adopted in the commer-
cial mono crystalline silicon solar cell manufacturing process. However, the random pyramidal
texturing process is known to consume 10 - 20 pum of silicon from the wafer [93], making the
process less attractive for lower wafer thicknesses. Also random pyramids with its sharp edges
and corners are known to result in increased stress on the overlying dielectric [94]. This paves
the way for patterned texturing process based on conventional lithography techniques.

Inverted pyramidal texturing used in high efficiency laboratory scale PERL solar cells is
reported to yield lower reflectance values of 10.2% but involves cumbersome photolithography
processes [92]. Fig. 3.1(b) shows the surface of a <100> silicon wafer with inverted pyramids
fabricated on it. The pyramids have a regular arrangement, and the size of the pyramid can be
varied by changing the dimensions on the patterning mask. Fig. 3.2 shows the process flow
used for the fabrication of inverted pyramids in silicon. The fabrication process involves a

large number of steps and involves photolithography. The use of photolithography makes this
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Fig. 3.1: Two different surface texturing schemes demonstrated on <100> wafers (a) Random

pyramidal texturing (b) Inverted pyramidal texturing.

process not only expensive, but also results in a lower throughput in case of commercial silicon
solar cell production lines. Hence inverted pyramidal texturing process has not found its way

towards commercial solar cell production. This necessitates the need for alternative techniques
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Fig. 3.2: Process flow for fabrication of inverted pyramids in crystalline silicon, adapted from

[9].

Nano structuring approaches based on nanowires [95], nanocones [96], nanoholes [97] are
also reported as potential schemes for improving light absorption in silicon, as the thickness
of the wafer scales. These approaches yield low reflectance values, but falls short in terms

of cell performance owing to large surface recombination losses associated with these struc-
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tures. Inverted nanopyramids are reported to yield high levels of absorption in thin c - Si films,
while minimizing the increase in surface area to 1.7 times, thus potentially lowering the loss
of carriers to surface recombination [98]. By using a thin film ¢ - Si of thickness 10 um in
conjunction with nanopyramid texturing, absorption comparable to 300 pum thick silicon was
reported. Fig. 3.3(a) shows the nanotextured silicon surface, while Fig. 3.3(b) shows the max-
imum achievable efficiency for varying thickness of silicon. As can be seen, the theoretical
simulation of nanopyramids on 5 and 10 um thick Si predicted an improvement in the effi-
ciency as compared to a flat silicon of thickness 10 ym and 300 um. The same was corrobo-
rated by experimental data as shown in Fig. 3.3(b). Thus by moving to nanopyramids, not only
can significant saving in bulk Si material be achieved but also a significant decrease in surface
recombination losses can be brought about. However in the reported work, the nanopyramid
texturing was carried out using interference lithography. The technique is not commercially vi-
able for solar cell industry owing to higher production costs and lower wafer throughput. Thus

finding novel and alternative means for fabricating inverted pyramids in silicon is an open and

challenging problem.
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Fig. 3.3: Potential of nano texturing on ultra thin silicon wafers (a) Inverted nano pyramids
fabricated on silicon using immersion lithography (b) 5 um thick wafer shows an equivalent
performance as compared to a 300 um thick wafer [98].

The chapter begins with a discussion on some of the already reported techniques for fabri-

cation of lithography free micro and nano scale inverted pyramids.
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3.2 Novel processes for fabricating inverted pyramids on crys-

talline silicon surfaces

This section discusses some of the alternative techniques that have been proposed for the fabri-

cation of inverted pyramids on silicon.

3.2.1 Reactive ion etching

Hauser et al. had reported the usage of a nanoimprint lithography technique for the fabrication
of honeycomb texture on multi crystalline silicon wafers [99]. The process involves the fabrica-
tion of a polydimethylsiloxane (PDMS) stamp based on an interference lithography technique.
The stamp is further used to fabricate the honeycomb patterns onto the silicon surface. Af-
ter transferring the pattern onto the photoresist on the silicon wafer, the sample is etched in
two different RIE chambers to obtain the required pattern. The proposed process, though very
promising, involves expensive techniques like immersion lithography and nano imprint lithog-
raphy and also suffers from low throughput. Moreno et al. had reported a texturing process
based on reactive ion etching using SFg + O, plasma [100]. By tailoring the process power,
inverted pyramid like structures were fabricated on the silicon surface. The process however,
resulted in the a weighted average reflectance of 6%. However, presence of various SiO,F,
complexes on the surface of the silicon wafer after the RIE process was confirmed by Raman
spectroscopy. The impact of this complex on the device performance was not investigated.
Usage of a reactive ion etch process is also reported to result in an irreversible degradation of
bulk lifetime of the silicon wafer [101]. This may lead to a degradation in device performance,

necessitating further studies before implementing this technology in commercial production.

3.2.2 Laser texturing and Inkjet printing

Zeilke et al. had used a laser texturing based process for the fabrication of inverted pyramids
on periodic textures on the silicon wafer [45]. Very high short circuit current of 39.3 mA/cm?
was obtained on a multi crystalline wafer as a result of the direct laser texturing process. Kumar
et al. had also used laser to ablate a dielectric [102]. The ablated dielectric region serves as
a template for the fabrication of inverted pyramids in silicon. However, the throughput for

these laser processes may need further improvement before it is put into commercial production
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(b)

Fig. 3.4: Alternate surface texturing schemes demonstrated on <100> wafers (a) Laser textur-
ing of silicon [45] (b) Inverted pyramidal texturing using inkjet printing [8].

[99, 102]. There is a recent report of a process based on inkjet printing for the fabrication of
inverted pyramids on silicon [8]. The process resulted in an ordered array of inverted pyramids,
but the base of the pyramid was about 65 um wide, thus consuming a large quantity of silicon
during the etch process. For fabricating inverted pyramids of smaller dimensions, the print
dimensions need to be lowered. With further improvement in inkjet printing technology, the

process in [8] may become commercially viable.

3.2.3 Colloidal lithography
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Fig. 3.5: (a) Process flow for fabricating inverted pyramids using colloidal lithography (b)
Inverted pyramids fabricated using technique mentioned in (a) [103].

A very promising and commercially viable method for the fabrication of inverted pyramids

on silicon is by using colloidal lithography. Sub-wavelength inverted pyramids were fabricated
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by Sun et al. using colloidal lithography [103]. The schematic of the process sequence is shown
in Fig. 3.5. Colloidal silica particles are spun coated onto a silicon wafer surface. A metal
film is deposited on the wafer surface. The silica particles serve as a shadow mask during the
metal deposition process. Upon lift off of the silica particles, the etch would happen in the voids
and the remaining metal on the wafer surface act as an etch mask. After the etching process,
the metal is removed and subsequent processes can be carried out on the wafer. The process
resulted in the formation of periodic sub wavelength inverted pyramids as shown in Fig. 3.5.
One of the potential drawback of this work is the usage of a metal mask which can degrade the
bulk lifetime of the wafer. Replacing the metal deposition step with a dielectric can potentially

mitigate this issue.

3.2.4 Maskless fabrication of inverted pyramids
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Fig. 3.6: Etched depth (well depth) versus etching time, indicating a large amount of etch for
longer etch durations; inset shows the SEM images showing the evolution of the pyramids with
time [105].

Maskless fabrication of inverted pyramids using chemically reactive colloidal particles was
reported by Chaturvedi et al. [105]. Amidine functionalised poly styrene beads were used as
the colloid in the experiment [105]. The bead, upon heating in an autoclave at 150°C, results
in localised formation of ammonium hydroxide, which results in the anisotropic etching of
silicon. The reported process is very promising as inverted pyramids of various dimensions can
be fabricated in an autoclave using super heated steam. However the surface coverage of the

inverted pyramids was seen to be low. Fig. 3.6 shows the nano pyramid depth with increasing
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etch time. As can be seen for 30 min, no pyramid formation is found, and it is seen to commence
beyond 50 min. The initial period of the process is used to etch out the thin chemically grown
silicon dioxide film and hence the etch rate is slow in the initial phase of the process. As the time
increases, the silicon dioxide film is etched out, and the silicon etching is seen to commence,
and fully formed inverted pyramids can be found after 90 min. However the spacing behind the
beads are quite high, resulting in lower surface coverage and hence high reflectance.

A novel texturization scheme based on a LPCVD silicon nitride was reported by Weber et
al., where a thin film (2 - 3 nm) of LPCVD silicon nitride was isotropically etched in HF:HNO3
solution to generate pits of 5 um [104]. The process was reported to consume less quantity
of silicon as compared to conventional etching process. However, the process had a higher
reflectance value as compared to conventional random pyramids. Low density SiO, films de-
posited at low temperature was also used as an etch mask for anisotropic etching [106]. In this
process, the pin holes present in the silicon oxide film served as a mask for fabrication of in-
verted pyramids. Here again, the surface coverage of the inverted pyramids was found to be low
resulting in higher reflectance [106]. Self assembly of CsCl is another technique used for fabri-
cating inverted pyramids on silicon [107]. After depositing titanium on top of the self assembled
CsClI nanoparticles, CsCl was lifted off leaving behind Ti on the wafer surface. Further etching
of Si in NaOH/KOH resulted in the formation of inverted pyramids on the silicon surface, with
Ti acting as the etch mask [107]. The process yielded inverted pyramids of sub micron dimen-
sions. However, the process involved two thermal evaporation steps for the deposition of CsCl
and Ti respectively, thereby increasing the cost.

More recently, Wang et al. has reported a novel process for maskless fabrication of inverted
pyramids [108]. Regularly arranged inverted pyramids are fabricated by etching a <100> Si
wafer in a solution of Cu(NOs3),/HF/H,0,/H,0 at 50°C. The etch mechanism is based on an
electrochemical reaction brought about by the difference in electrochemical potential between
Si and Cu’*, and is similar to the concept of metal assisted chemical etching. The selectivity of
etch process is reported to be the result of a difference in surface bond densities for the <100>
and <111> planes. It is argued that the <100> plane may have more number of electrons
available for capture by Cu?*. Weighted average (W, ) reflectance of 4.4% is reported after the
etch process, which is significantly lower than some of the reported values for random as well
as inverted pyramidal texturing. The wafer surface after the etch process and the corresponding

W, reflectance are shown in Fig. 3.7. Despite the ground breaking results, one of the major
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Fig. 3.7: Maskless inverted pyramid fabrication using Cu(NO3),/HF/H,0,/H,0O as etch so-
lution (a) Inverted pyramids after etching in solution (b) W, reflectance for different time
durations compared with random texturing process. [108].

bottleneck of the proposed process is the use of Cu, which is a fast diffuser in Si. Cu diffusion
into Si can result in a significant reduction in bulk lifetime of the wafer, which may prove
detrimental for a solar cell process. However, detailed investigation into the carrier lifetime
degradation as a result of the proposed process needs to be carried out, before adopting this
process for texturing process in ¢ - Si solar cell fabrication. An alternative option would be to

replace Cu(NO3), with another salt which can replicate the same effect.

3.3 Summary of the chapter

Inverted pyramidal texturing process, despite the cumbersome lithography processes involved,
was seen to have a significant advantage over random pyramid texturing in terms of the amount
of silicon consumed during the process. The larger consumption of silicon bulk during random
pyramidal texturing can become a deal breaker as the wafer thickness scales over the coming
years. However, the hallmark of random pyramidal texturing process is its simplicity, making
it the widely adopted technique for texturing silicon surfaces in commercially available silicon
solar cells. In order to replace the photolithography process involved in inverted pyramid fab-
rication, various alternative processes for fabrication of inverted pyramids were discussed in
this chapter. In light of the discussion in this chapter, it can be concluded that there is still a
lot of scope for designing and developing novel processes for fabricating inverted pyramids on

crystalline silicon surfaces. One such alternative process for fabricating inverted pyramids on
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silicon surfaces is discussed in chapter 8 of this thesis.
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Chapter 4

Experimental Techniques

This chapter discusses the basic theory behind some the characterisation techniques widely used

during the experiments discussed in this thesis.

4.1 Fourier transform infrared spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is used to investigate the various fundamental
vibrational modes of a material. FTIR measurements have been extensively used to understand
the presence of various bonds within the dielectrics discussed through out this thesis. When a
sample is exposed to infra red (IR) radiation, the molecules absorb the energy. The molecular
vibrational energy levels of the sample moves from ground state to excited state. Each molecule
absorbs specific energy levels, and hence is a signature of the material under investigation.
The IR radiation thus transmitted through the sample will indicate the extent of absorption
within the sample. Some of the vibrational modes of the molecules are stretching (symmetric
and asymmetric) mode, rocking mode, scissoring mode, twisting mode, and wagging mode.
Analysis of peaks (shape, intensity and position) present in the resultant spectrum can provide
information regarding the bonding structure of the material under investigation. Some of the
vibrational modes relevant to the discussions in the thesis are indicated in the Table. 4.1.

In this thesis, FTIR system from Perkin Elmer (Spectrum BX II) was used. Single side
polished <100> Cz - Si wafers with 4 - 7 Q cm resistivity was used for the experiments. The
dielectric films were deposited on the polished surface of the wafer. A wafer with no deposition
was used as the reference sample. The measurements were carried out in transmission mode at

1

room temperature. A resolution of 4 cm™" was used. 16 - 32 scans were carried out per sample
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Table 4.1: Different bonding arrangements in FTIR spectrum and corresponding wavenumber.

FTIR Vibration modes
Bond Wavenumber (cm~!) | Vibrational mode
490 N- Si3
Si- N [109, 110] | 875 - 896 Si - N Stretching - asymmetric
2335 - 2360 Si - Ny stretching
810 Si - O - Si bending
Si-0[86,111] | 1071 Si -O - Si stretching
1105 Si - O - Si stretching - asymmetric
2140 H - Si - SiN,
Si-H[112] 2175 H; - Si-Nj
2220 H-Si-Nj
3445 N - H stretching
N-H[112] 1540 NH, bending

to improve the accuracy of the measurements.

4.2 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface analytical technique used to characterize
the chemical composition of a material. Basic operating principle of XPS is the photoelectric
effect. On irradiating a sample with an X-ray (1 - 2 KeV), electrons are ejected out from the
material. By measuring the energy of the emitted electron (E,,,;;), the binding energy (Ep;,q) of
the electron can be calculated as Ej;,q = hv - (Eepir + q¢p). hv is the energy of the incident X-
rays, @, is the work function of the spectrometer and E,;;; is the energy of the emitted electron
[113]. A typical XPS spectrum has count of emitted electrons on the Y - axis and binding
energy on the X-axis. Each element has its own characteristic binding energy, and thus XPS
can identify the elements as well as its chemical state. A shift in binding energy observed in a
XPS spectrum is typically attributed to a change in bonding state of the element in question. e.g.
The binding energy for SiO, in Si2p XPS spectrum is 103.3 eV, whereas the incorporation of
nitrogen shifts the Si2p XPS spectrum to 102 eV [114]. In XPS, the photoelectrons are emitted
from the top 0.5 - 5 nm of the surface, making it a surface sensitive analytical technique. X-rays
can penetrate deeper into the material, but the emitted electrons are lost due to lower mean free
path of the electrons. Angle resolved XPS (ARXPS) is a technique where the sample is titled
with respect to the X-ray, as a result of which a depth profiling of the sample can be done.

In this thesis, both surface and ARXPS techniques have been extensively used to investigate
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the stoichiometry of the plasma grown films. The data included in this thesis have been obtained
from an XPS system from ULVAC - PHI, Model: PHIS000 Versa Probe II. Al Ko, X-ray source

was used for the measurements.

4.3 Optical emission spectroscopy

The transition of an electron from an excited state to a lower energy state can result in the
emission of photons. Emission spectroscopy is a spectroscopic technique used to analyse these
emissions. Optical emission spectroscopy (OES) is widely used for analysing reactive plasmas.
In plasmas, the emissions result from the various excited states of the reactive species present
in the plasma. The emissions are specific to each atomic species present within the plasma.
However, each atomic species can have multiple emissions which depends on the nature of
electronic transitions. The plasma emission intensity depends on the degree of ionisation and
the electron energy distribution of the plasma [115]. This technique can be used to investigate
the presence or absence of any reactive species within the plasma. One of the major benefit
of OES spectroscopy for plasma diagnosis is that it is a non intrusive technique, and has been
widely used for end point detection in plasma etch systems.

OES is used in this thesis to analyse the plasma employed for the oxidation process. A

spectrometer from Princeton Instruments was used for the measurements shown in this study.

4.4 Time of flight secondary ion mass spectroscopy

Time of flight secondary ion spectroscopy (TOF-SIMS) is used to analyse the chemical com-
position (elemental and molecular) at the surface of a material. A pulsed ion beam (Cs/Ga/O,)
is directed at the sample under investigation. This results in the emission of secondary ions and
ion clusters from the sample surface. The ejected species travels through a "flight column" and
reaches the detector. The time taken for the secondary ions ejected from sample to travel from
the sample surface to the detector is used to identify the elements. The sensitivity of TOF-SIMS
is in the ppm range. A depth resolution of 1 nm and a spatial resolution of 0.1 ym is possible
with the TOF-SIMS used for analysis in this thesis. Besides surface analysis, TOF-SIMS can be
used for generating depth profiles. By repeatedly sputtering and analysing the sample, the depth

profile of the element under investigation can be generated. Different materials have different
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sputtering yields for an ion beam. The raw data for a depth profile would have the counts on
the Y - axis and sputtering time on the X - axis. Using a surface profilometer, the sputtered
crated depth is measured and is then used to estimate the sputter rate. Converting counts to
concentration requires the use of relative sensitivity factor (RSF).

In this thesis, TOF - SIMS is used for depth profiling of hydrogen and nitrogen. Due to the
absence of standard samples, the raw data (count versus time) is presented in this thesis. TOF -
SIMS measurements were carried out at SAIF IIT Bombay using phi nanoTOF II from ULVAC
- PHL

4.5 Effective lifetime measurements

Effective lifetime measurements are carried out to investigate the quality of surface passivation.
[luminating a block of semiconductor results in generation of carriers. By measuring the decay
rate of carriers, the effective lifetime of carriers can be estimated. The wafer under test is placed
near an inductive coil and the generation and decay of carriers results in a change in conductance
of the wafer. The change in conductance is analysed and the effective lifetime is measured.
From lifetime measurements, surface recombination velocity, S (cm/s) and emitter saturation
current, Jo, (FA/cm?), can be extracted. The schematic of the device used for extraction of 7, ff
and Jo, are shown in Fig. 4.1(a) and Fig. 4.1(b) respectively. For accurate estimation of 7.y,
FZ wafers are used to mitigate the impact of bulk lifetime on 7. s measurement. In case of Jo,
measurements, an emitter is diffused on the wafer and is then capped with silicon nitride on

both sides.

Dielectric 1+ . emitter
Dielectric

() (b)

Fig. 4.1: Device schematic used for (a) 7,rr measurement (b) Jo, measurement.

The extraction of effective surface recombination velocity (S.rr) from 7,77 is given by the
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following equation.
1 28y
Teff w

4.1

where W represents the thickness of the wafer. Eqn 4.1 is obtained from Eqn. 2.13 by assuming
Tpuik t0 be oo, Thus the calculated S, r is the highest SRV obtainable for the dielectric under
investigation. In this thesis, Eqn. 4.1 is used for calculating SRV. Lifetime measurements were
carried out in WCT -120 lifetime tester from Sinton instruments. For 7.z < 200 us, QSS mode
was used for the measurements, whereas transient mode was used for higher 7,7 reported in
this thesis.

Joe value is computed from 7,7, using the equation

1 1 2Joe(Ngop + A
_ + Oe ( d;p l’l) (4.2)
Teff  Thulk qn;W

where Ny, (in cm ) is the wafer doping level, q is the electronic charge, W (in cm) is the
thickness of the wafer, n;> (in cm™>) is the intrinsic carrier density and An (in cm™) is the
excess carrier density. Typically, Jo, measurements are carried out using high resistivity wafers
to ensure that the wafer goes into high injection regime (An >> Ny,,,) following illumination.
1 1

, - —— versus An, Jy, can be extracted [116]. In case
Teff  Tbulk

By calculating the slope of the curve
of low injection regime (An << Ny,,), the term on the right side of the Eqn. 4.2 is a constant.

Hence, it can be rewritten as:
2J0e (Ndop -+ An)

qnizW

Serf = 4.3)

where S, 77 is the surface recombination velocity in cm/s. In this thesis, Jo, measurements were
carried out on double side phosphorus diffused p-type FZ and Cz wafers. Device schematic

used for this measurement is shown in Fig. 4.1(b).

4.6 Metal insulator semiconductor capacitance - voltage mea-

surements

Metal insulator semiconductor (MIS) capacitor is a two terminal device used to study vari-
ous electrical properties of the dielectric and the nature of interface between the dielectric and
semiconductor. Analysis of the capacitance - voltage (CV) curves can give a whole host of

information regarding the dielectric like the breakdown field and its interface parameters like

51



fixed charge density (Q) and interface state density (D;). Fig. 4.2 shows the process used for
fabrication of MIS capacitors discussed in this thesis. Thermally evaporated aluminium (150
nm) have been used for making the top and bottom contact in the MIS capacitors discussed in
this thesis. Al was evaporated using shadow mask with circular holes of 200 ym and 400 um

diameter.

A Al evaporation through Al evaporation on
shadow mask rear side

mmmm Dielectric I I I I
i

Fig. 4.2: Process flow for fabricating MIS capacitors.

Fig. 4.3 shows the high frequency CV (HFCV) and high frequency conductance - voltage
(HFGV) curves measured on a p-type substrate. Depending on the applied gate voltage, three
regimes of operation namely accumulation, depletion and are labeled in Fig. 4.3. The resultant
HFCV curve measured from a MIS capacitor is strongly dependent on the Q; and D;. An
increase in positive Q shifts CV curve to the left, while an increase in negative Q; shifts the

CV curve to the right. An increase in Dj;; can result in a larger skew for the HFCV curve in the

depletion region.
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Fig. 4.3: HFCV and HFGV for an MIS capacitor on a p-type Si substrate.
In order to extract the Qs from the HFCV curve, the shift in mid - gap voltage (V) from

its ideal value (Vg igear) 18 computed. V,, is the voltage corresponding to the mid - gap ca-

pacitance (C,,) extracted from the HFCV curve. V0 4ea and Cyg are computed using the
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following relations [117]:

N, X
Vmg,ideal = Qms + OB+ % 4.4)
ox

where ¢,,, is the metal semiconductor work function difference (in volts), ¢ g is the bulk poten-
tial (in volts), q is the electronic charge, N, is the doping concentration of Si (in cm™3)and Xing

is depletion width at mid-gap (in cm).

1 1 1
—— =+ 4.5)
Cmg Cox Cs,mg
where Cy ¢ = €5/X,e. Further, the fixed charge density Qy is given by:
Qf = Cox(vmg,ideal - Vmg) (4.6)

where V,,, s the voltage corresponding to mid gap capacitance Cg.
D;; was extracted from HFCV and HFGV curves using the single frequency approximation

method described by Hill et al. [118], using the following relation:

2 Gax/ @

Dy = —
o qA (Gmax/a)C(,x)z + (1 - Cmax/cox)2

4.7)

The HFCV curves reported in this thesis, have been measured using Keithley 4200 SCS at 50
- 100 KHz. The bias was applied to the bottom contact while the gate contact was grounded
during measurements. The MATLAB codes used for extraction of D;; and Qy are included in

Appendix A.

4.7 Solar cell current - voltage measurements

Performance of a solar cell is quantified by measuring the illuminated IV under standard test
conditions (STC) as defined under International Electrotechnical Commission (IEC) standard
60904 [119]. One of the primary condition is that the illumination spectrum used for measure-
ment should match with the AM 1.5G spectrum. The illumination intensity should be 1000
W/m? and temperature of measurement should be 25°C. Further, an array of contacts should be
used to probe the bus bar in order to reduce the impact of series resistance on the measurement.
Fig. 4.4(a) shows the illuminated IV and power - voltage (PV) curve for a silicon solar cell. The

maximum power point on the curve is labelled as P,,,. Open circuit voltage (V,.) and short
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circuit density (J,.) are also labelled in Fig. 4.4(a). Fig. 4.4(b) shows the schematic of the screen
printed solar cell used in the experiments discussed in this thesis. The detailed process flow and

the recipes used for fabricating the solar cell shown in Fig. 4.4(b) is given in Appendix B.
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Fig. 4.4: (a) IV and PV curve of a solar cell (b) schematic of a screen printed p-type silicon
solar cell used for experiments.

From the IV and PV curve, the solar cell efficiency and fill factor are calculated using the

following relations:

FF = Fonax 4.8)
VOC *JSC

where P,,,, is the maximum power generated out of a solar cell (in W/ecm?), V. is the open

circuit voltage (in V), and J,. is the short circuit current density (in A/cm?)

Pmax
n= (4.9)

where P;, is the power incident on the solar cell under test. At 1 sun illumination, P;, is 0.1
W/em?.

In this thesis, the illuminated IV measurements were carried out using a solar simulator
from ABET instruments. The measurement temperature was maintained at 25°C using a water
cooling system. Series resistance (Ry) of the solar cell was measured using Bowden method

[120], while shunt resistance (Ry;) was measured from the reverse biased dark IV curve [121].
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4.8 Quantum efficiency measurements

Quantum efficiency (QE) refers to the ratio of the number of electrons that are collected from a
solar cell to the number of photons incident on the solar cell. Depending on the number of pho-
tons that are considered for calculating QE, it is classified as external and internal. External QE
(EQE) takes into account the total number of photons incident on the device, whereas Internal
QE (IQE) considers the total number of photons entering the device. This would imply that IQE
eliminates the effect of reflectance from the measurement. IQE is given by the relation, IQE =
EQE/(1 - R - T), where R and T represent the reflection and transmission losses on the device
respectively.

QE of a device is measured by illuminating the device with photons of different wavelengths.
e.g.. For the c - Si silicon solar cells discussed in this thesis, QE measurements are carried
out from 300 nm to 1100 nm. An ideal IQE curve would have a value equal to one for the
wavelengths under investigation. In case of ¢ - Si solar cell, a sharp fall in IQE for short
wavelength range (300 - 500 nm) is representative of carrier loss due to recombination in the
emitter and the surface region. Similarly for long wavelength range (900 - 1100 nm), a fall in
IQE represents carrier loss due to recombination at the rear surface. A fall in IQE in the mid
wavelength range is representative of a low bulk lifetime. Therefore, QE measurements can
be used to diagnose the diagnose the recombination mechanisms responsible for the losses in
a solar cell. QE measurements shown in this thesis, were carried out using Bentham PVE300
from Bentham Instruments in transformer mode. A wavelength resolution of 5 nm was used

during measurements.
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Chapter 5

Potential of plasma grown films for silicon

surface passivation

5.1 Motivation

Hydrogenated silicon nitride (SiN,:H) is widely used in commercially available crystalline sili-
con solar cells, as an anti reflective coating and as a surface passivation layer. Schmidt et al.had
demonstrated a minority carrier lifetime of 900 s on 1 Q cm p-type FZ wafers, indicating very
high surface passivation quality for the silicon nitride film [51]. However, the minority carrier
lifetime decreased to ~20 us upon annealing at 600°C, as shown in Fig. 5.1(a). Lauinger et al.
had shown record low SRV of 4 cm/s and 20 cm/s on p-type 1.5 Q cm and 0.7 Q cm FZ wafers
using a silicon nitride film deposited in high density remote PECVD system [52]. Low RI (1.9
- 2.0) films have been reported to be thermally stable, and rich in fixed charges, whereas high
RI (2.2) films yields very low interface state density. However, the passivation quality of the
high RI films are reported to degrade with firing. Additionally, it is also reported that, using
SiN,:H film for rear surface passivation can lead to parasitic shunting, thereby degrading solar
cell performance [32].

Thermally grown SiO; is known to offer high quality interfaces with ¢ - Si for MOS technol-
ogy, as it yields very low Dj, in the order of 10° - 10'° eV~!cm™2 after a forming gas annealing
at 420°C. However in case of crystalline silicon solar cells, thermally grown SiO, films offer
similar passivation quality for emitters, with different phosphorus doping concentrations [51].
It also offers good quality passivation for p-type substrates of varying resistivity. Owing to the

high quality surface passivation offered by thermally grown SiO; films they have been used for
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passivating the front and the rear surface of high efficiency PERL cells [7]. The passivation
quality of as grown SiO; film is improved by a forming gas annealing (FGA) or by capping the
Si0, layer with SiN,:H film. Very low SRV of 2.4 cm/s and 11.8 cm/s were reported for stacks
of thermally grown SiO, - PECVD SiN,:H films, which was comparable to what was obtained
for alnealed SiO, films [65]. However, the high temperature required for the growth of SiO;
forbids it application in commercial crystalline silicon solar cells. High temperature leads to
higher production cost, lower throughput, and can also lead to activation of impurities in multi
crystalline silicon wafers, and hence there is a need for low temperature processes for growth

of silicon oxide films.
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Fig. 5.1: (a) Thermal degradation of silicon nitride film on annealing (b) Improved thermal
stability of SiO, - SiN stack [51].

As previously discussed, stacks of SiO; - SiN,:H films are known to yield very low SRV
[65]. Not only is the quality of surface passivation improved but It is also reported that stacks of
Si0, - SiN,:H have an improved thermal stability [51]. Fig. 5.1(b), illustrates the improvement
in thermal stability upon using a stack of SiO, - SiN,:H [51]. Rohatgi et al. reported that a stack
of a rapid thermal oxide (RTO) grown SiO; film capped with SiN,:H resulted in ’exceptional’
emitter surface passivation following a contact firing process [122]. SRV of less than 10 cm/s
was reported by Narasimha et al. on p-type 1.25 Q cm wafer after firing a stack of RTO - SiN,:H
[66]. Additionally it was also reported that surface passivation quality of SiO; - SiN,:H stack
was found to be independent of the silicon nitride deposition conditions, which eliminated the

need for a thorough optimisation of SiN,:H films [51].
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From the above discussions, it can be concluded that the surface passivation quality of sil-
icon nitride films degrades with firing, and can also result in parasitic shunting when used for
rear surface passivation. Thermally grown SiO; films offer excellent surface passivation upon
alnealing, for both n and p-type substrates. However the high temperature required for the
growth (800°C - 1100°C) of SiO; films make it less attractive for industrial adoption, thereby
restricting its usage in commercial crystalline solar cells. However, stacks of SiO, - SiN,:H

offers the following advantages:

e Improved surface passivation with improved thermal stability as compared to single layer

Si0; or SiN,:H films

e Tedious optimisation of the top silicon nitride layer can be done away with in case of

Si0; - SiN stacks

By lowering the growth temperature of SiO; films, SiO, - SiN,:H stack can become a potent
technology for passivating the front and rear surface of ¢ - Si solar cells. It is in this light
that low temperature oxide growth processes like wet chemical oxidation and plasma oxidation
assumes significance. By tailoring the process conditions, high quality oxides may be grown,
which when capped with SiN,:H can result in better surface passivation. This chapter discusses
the process development of a plasma oxidation process for potential surface passivation of n
- type Si surfaces.The chapter starts of with a discussion on the impact of different plasma
ambient on the surface passivation quality of plasma grown films. The surface passivation
quality was investigated after capping the films with SiN,:H films. This is followed by a detailed
investigation on the surface passivation properties of films grown in N,O plasma ambient. The
final part of the chapter assesses the impact of NH3 addition on the plasma oxidation process.
The chapter concludes with a short discussion on the potential trapping of interstitial oxygen

within silicon during the low temperature plasma oxidation process.

5.2 Impact of plasma ambient on surface passivation quality

of plasma grown films

This section explores the plasma oxidation process in O, and N, O plasma ambient. The surface
passivation quality of the respective plasma grown films are evaluated after capping them with a

SiN,:H film. FTIR measurements are used to study the chemical composition of the films grown

58



in different plasma ambients. Plasma analysis using OES was used to compare the intensity of
oxygen radicals present in different plasma ambients. For films grown in O, plasma, addition of
argon is reported to improve the interface, and enhance the oxidation rate [82], while addition
of nitrogen (N») is known to result in lower defect density [127]. In this light, the plasma
oxidation process in Ar + O, and N, + O, ambients are also discussed in this section. The
surface passivation quality of the respective plasma grown films are also evaluated after capping

them with a SiN,:H film.

5.2.1 Experiment details
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Fig. 5.2: (a) Schematic of ICP system used for experiments (b) Schematic of plasma oxidation
process.

P-type, Cz <100> Si wafers with resistivity of 4 - 7 Q cm was used as the starting material
for the experiment. The wafers were subjected to 2% HF last, Radio Corporation of America
(RCA) cleaning procedure. An inductively coupled plasma chamber was used for growing the
plasma oxides under the following conditions: temperature of 320°C, pressure of 25 mTorr,
oxygen flow of 50 sccm and ICP power of 1000 W. The substrate power was kept at 5 W.
Growth was carried out for 10 mins. Argon and nitrogen with a flow rate of 50 sccm was
optionally introduced to the chamber to assess the impact of these gases on the plasma oxidation
process. For the nitrous oxide based experiments, all process conditions were kept identical, but
N,O at a flow rate of 50 sccm was used for generating the plasma. The plasma characteristics

for different plasma ambients were studied using an optical emission spectroscope, and the
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chemical composition of the thin oxide films was studied using FTIR measurements carried out
in transmission mode. 75 nm thick SiN,:H film deposited using an ICP - CVD process was
used for capping the thin plasma grown oxide films. The interface trap density and fixed charge
density of the thin oxide films and stacks were studied using MOS capacitors fabricated on p-
type Si substrates. Aluminium was used as the top and bottom contact. Lifetime measurements
were carried out on n-type FZ wafers with 1 Q cm resistivity, and 300 um thickness. The
thermal stability of the surface passivation was studied by measuring the effective lifetime after

annealing the samples in a rapid thermal annealing chamber in N, ambient, for 2 s.

5.2.2 Plasma characterisation using optical emission spectroscopy
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Fig. 5.3: Comparison of oxygen line intensities for different plasma ambient, showing a lower
atomic oxygen content for N»O plasma.

Fig. 5.3 compares the OES intensity for the various gas combinations, with nitrous oxide
showing minimum intensity and oxygen showing the maximum intensity. OES for an oxygen
plasma exhibited two distinct atomic lines at 777 nm and 844 nm corresponding to the atomic
transitions 3p°P - 3s>S and 3p>P - 3s3S respectively [128], and is shown in Fig. 5.4. When Ar
was introduced into the process chamber along with oxygen, the intensity of the oxygen related
peaks remained almost the same, though additional lines corresponding to argon species could
be seen. However, on introducing nitrogen, the intensity of 844 nm spectral line decreases. The
intensity of the oxygen related spectral lines are seen to be the lowest for N,O plasma, as shown
in Fig. 5.3. The larger atomic oxygen content in the plasma can lead to larger incorporation of

interstitial oxygen within the silicon [85] .
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Fig. 5.4: Optical emission spectra for various plasma ambient (a) O (b) Ar + O, (¢) Ny + Oy
(d) N»,O.

5.2.3 Physical characterisation of plasma grown films

FTIR data for films grown in different plasma ambients are shown in Fig. 5.5. The trough at
1106 cm™! corresponds to interstitial oxygen trapped within silicon. On addition of argon or
nitrogen, a sharp trough was found at 1060 cm~!, which corresponds to Si - O - Si stretching
mode vibrations. For the samples grown in oxygen ambient, a prominent peak at 510 cm~! can
also be seen, which corresponds to Si0O4 bending mode vibrations [86]. Upon adding argon, the
concentration of SiO4 bonds comes down, while a trough indicating Si - Si unsaturated bonds at
615 cm™! is seen to emerge [129]. This signature observed for the Ar + O, sample maybe due
to the enhanced oxidation making these vibrations more easier [14, 129]. For samples grown
in Oy + N ambient, the trough at 510 cm~! is absent, while a deeper trough at 610 cm~! is
observed. However for samples grown in N,O ambient, there are no troughs seen at 510 cm™!
or 615 cm~!. However for films grown in Ny + O; and Ar + O, ambient, a sharp peak is seen

in place of a trough. The reason for this anomaly is not clearly understood.
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Fig. 5.5: FTIR spectrum for plasma grown films in different ambient.
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5.2.4 Lifetime and capacitance - voltage measurements

The interface properties at the silicon - dielectric interface was probed using MIS capacitors. In-
terface state density was calculated using single frequency approximation method [118], while
the fixed charge density was computed from the shift in mid-gap voltage from its ideal value
[117]. For the as grown samples, it was observed that the D;, was in excess of 1012 eV~ lcm™2.
In order to improve the passivation, a SiN,:H film was deposited on the as-grown plasma oxide
films. HFCV measurements on the stack revealed D;; in the range of 5 - 7x10'" eV—lem =2 for
samples grown in Oy, O, + Nj and O, + Ar ambient. For samples grown in N,O ambient, the

D;; was found to be 1.6x10!'! eV~! cm™2. However, the Q,, varied from 1.8 - 3x10'2 cm2, as

can be seen in Fig. 5.6.
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Fig. 5.6: Electrical Characteristics of film grown in different ambient.

SRV was calculated from the measured effective lifetime, assuming infinite bulk lifetime,
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at a minority carrier density of 101> cm™3. It was seen that the films grown in O,, O, + Ar,
O, + N; ambient had SRVs > 1000 cm/s as shown in Fig. 5.6. On annealing the samples at
400°C, passivation was seen to improve, with the sample grown in O, + N ambient showing
a SRV of 582 cm/s. However for samples grown in N>,O ambient, the SRV was found to be
148 cm/s which came down to 50 cm/s upon annealing at 400°C in N, ambient, indicating
a well passivated surface. It is speculated that the higher SRV for films grown in O, based
plasma ambients maybe due to the role played by interstitial oxygen trapped during the plasma
oxidation process, as was seen from the FTIR data. Plasma oxidation in O, ambient is also
reported to result in higher plasma damage as compared to oxidation in N,O ambient [78]. This
higher plasma damage along with the larger interstitial oxygen may have resulted in poorer
passivation quality for the O, based plasma grown oxide films. The improvement in passivation
upon annealing can be attributed to the diffusion of hydrogen from the bulk of SiN,:H towards

the interface. The firing stability of the film was investigated by annealing the stacks to 800°C,
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Fig. 5.7: SRV variation across samples after firing the stacks at 800°C.

as can be appreciated by comparing Fig. 5.6 and Fig. 5.7. It was observed that the passivation
quality degraded significantly for all films grown in oxygen ambient. However, the film grown
in nitrous oxide exhibited a much better passivation as compared to the films grown in oxygen
ambient even after firing at 800°C. The degradation in lifetime upon high temperature firing can
also be the result of a degradation in bulk lifetime brought about by oxygen diffusion into the

bulk of the silicon wafer.

63



5.2.5 Conclusion

In the previous section, plasma oxidation process was discussed as a promising route towards
growing low temperature SiO, films for passivation of silicon surfaces. Of the different plasma
ambients investigated in this section, N,O was found to result in better surface passivation
compared to its oxygen based counterparts. Chemical composition studies using FTIR revealed
an increased amount of interstitial oxygen and unsaturated Si - Si bonds for films grown in
oxygen ambient. The atomic oxygen present in the plasma is also seen to be playing a major
role in determining the amount of interstitial oxygen in silicon. The poor quality of surface
passivation observed for films grown in O, based ambient maybe due to a combined effect of
higher plasma damage and trapping of larger interstitial oxygen content during plasma oxidation
process [85]. A detailed discussion on the role of interstitial oxygen and its impact of surface

passivation quality is provided in chapter 6.

5.3 N,0O plasma oxidation for silicon surface passivation

In the previous section, it was seen that carrying out plasma oxidation in a nitrous oxide ambient
resulted in better surface passivation quality as compared to oxygen based plasma ambients.
Oxidation in nitrous oxide ambient is known to result in lower amount of plasma damage on
silicon surface as compared to plasma oxidation carried out in oxygen based plasma ambient.
This combined with the lower amount of interstitial oxygen may have resulted in lower SRV for
the films grown in N>O plasma ambient. This section investigates the plasma oxidation process
in N>O ambient in detail. A detailed investigation on the chemical as well as surface passivation

characteristics of the plasma grown films is discussed in this section.

5.3.1 Experiment details

RCA cleaned, p-type, Cz <100> Si wafers with resistivity of 4 - 7 Q cm was chosen as the
substrate for the experiments. An inductively coupled plasma chamber (ICP - CVD, plasma lab
system 100, Oxford instruments) was used for growing the plasma oxides at an ICP power of
1000 W and temperature of 320°C. Chamber pressures of 4 mTorr and 25 mTorr was used in
the experiments. The substrate power was kept at 5 W. N,O flow rate was varied from 20 to 50

sccm. Chemical composition of the as grown silicon oxy-nitride films were investigated using
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FTIR and XPS measurements. Silicon nitride (SiN,:H) film deposited using a silane (SiHy) -
nitrogen (N,) mixture in an ICP - CVD was used as a capping layer [123]. The interface state
density and the fixed oxide charges were studied by using MIS capacitors fabricated on p-type
silicon wafers, with aluminium as the front and back contacts. Carrier lifetime studies were
carried out on n-type FZ wafers with a resistivity of 1  cm and a thickness of 300 tm using a
WCT lifetime tester from Sinton instruments. Annealing of the samples was carried out in N>

ambient using a rapid thermal processing system at different temperatures.

5.3.2 Physical characterisation of plasma grown film
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Fig. 5.8: FTIR spectrum at two different chamber pressures (a) 4 mTorr (b) 25 mTorr showing
the variation in film composition with change in N, O gas flow rates.

The impact of gas flow rates and chamber pressure on the chemical composition of the
film were investigated using FTIR measurements in transmission mode. As can be seen from
Fig. 5.8, in samples grown at 4 mTorr pressure a trough is seen at 640 cm™! - 656 cm™!,
which was mainly contributed by the Si - Si dangling bonds (oxygen vacancies), which has a
theoretical peak at 610 cm~! [77]. However, for the 50 sccm sample, the trough was broader,
and it can be attributed to an increased amount of Si - Si dangling bonds (oxygen vacancies),
and Si - O bending mode vibrations. As the process pressure was increased to 25 mTorr, it
can be seen from Fig. 5.8 that the troughs are broad for all gas flows, and the tail of the trough
shifts slightly to higher wavenumber with an increase in the gas flow from 20 sccm to 50 sccm
as indicated by the arrow in Fig. 5.8. This incremental increase in the trough width may arise

from an increased amount of Si-N-O-Si bridges [77]. It is reported that the presence of Si - N -
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O - Si reduces the density of strained bonds, and lowers the Si dangling bonds at the interface
[77]. Hence it was confirmed from FTIR measurements, that a N,O flow rate of 50 sccm and a

chamber pressure of 25 mTorr was an optimum choice for growing the films.
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Fig. 5.9: Physical characterisation of the plasma grown film (a) Si2p XPS spectrum showing
different oxide phases as well as oxy-nitride phase (b) N1s XPS spectrum showing raw and
smoothed data, inset shows N1s spectrum for a film without nitrogen (c) SIMS profile showing
nitrogen counts for plasma grown film.

For films used for the surface passivation studies, the substrate power was lowered to 5 W to
reduce the energy of ions moving from the plasma towards the wafer surface. Fig. 5.9(a) shows
the deconvoluted Si2p XPS spectrum for the plasma grown film. As indicated in Fig. 5.9(a), four
different peaks can be seen for the film grown at 25 mTorr, with a N;O flow of 50 sccm. The
peak at 102.66 eV corresponds to the oxy-nitride phase, SiO;N; [124], while the peak at 103.35
eV corresponds to stoichiometric SiO;, and peaks at 103.8 eV and 104.4 eV corresponds to sub-

stoichiometric phases of SiO, [124]. Presence of nitrogen in the grown film is confirmed by the
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smoothened N1s XPS spectrum, as seen in Fig. 5.9(b). Nls spectrum was smoothened using
Savitzky - Golay filtering and 10 point adjacent averaging technique [125]. Inset of Fig. 5.9(b)
shows the N1s XPS spectra for a film with no nitrogen incorporation for comparison. An ultra
thin SiO; film grown in a RTP chamber at 1000°C in O, ambient was used for this purpose. This
confirms that the film grown in N,O ambient with a substrate power of 5 W is an oxy-nitride
and not an oxide.The presence of nitrogen in the plasma grown film was further confirmed by
means of TOF - SIMS analysis. TOF - SIMS was carried out on the film grown at 5 W substrate
power and O W substrate power. There was a clear difference in the nitrogen profile for both the
cases, indicating the presence of nitrogen for the film grown using 5 W substrate power, which
is labelled as sample of interest in Fig. 5.9(c). The sample grown at 0 W substrate power is

considered as the reference sample.

5.3.3 Lifetime and capacitance - voltage measurements

High frequency capacitance and conductance as a function of gate voltage (HFCV and HFGV)
were measured at 100 KHz on the silicon oxy-nitride films developed using a N>O flow of
50 sccm. The mid-gap interface state density (D;;) was extracted from the conductance plot,
using the single frequency approximation method [118]. The fixed charge density (Qf) was
calculated from the shift in the mid-gap voltage from the theoretical value [117]. For plasma

2 and

grown silicon oxy-nitride films, D;; was found to be high in the order of 10'? eV~ !lem™
was almost two orders of magnitude higher as compared to thermally grown dry oxides. In
order to improve the interface properties, the silicon oxy-nitride film was capped with a 70 nm
thick silicon nitride film deposited at 320°C and a process pressure of 20 mTorr. On capping it
with a silicon nitride film, D;; came down to ~ 10''eV~!ecm™2 for the silicon oxy-nitride film
grown at 25 mTorr, as shown in Fig. 5.10(a). The sharp decrease in interface state density may
be due to the passivation of the interface by hydrogen diffusing to the interface, during silicon
nitride deposition.

In order to understand the role of annealing on the interface properties, the stack was an-
nealed at two different temperatures of 550°C and 800°C for 2 s in N, ambient. Upon annealing
the silicon oxy-nitride - silicon nitride (SiO,Ny, - SiN,,:H) stack at 550°C, the mid-gap D;; came
down further by an order of magnitude to 1.8 x 10'% eV~!ecm~2 with a positive fixed charge

density of 1 x 10'2 cm~2. This D;, value is comparable to the D;; values (~ 1010 ev—1icm™2)

reported for thermally grown dry SiO; films. On annealing the SiO,N, - SiN,:H stack at 800°C,

67



T T T 4
i; 1.04
. 0.8
42 «
£
2 % 0.6
= QE
1, = O 0.4- ] \
5 == As deposited %&
c 0.2]—0—Annealed at 550°C
—/\=— Annealed at 800°C
T T T 0.0 T T T T T
Asdep 550C-2s 800C-2s -10 -8 -6 -4 -2 0
Gate Voltage (V)
(a) (b) HFCV curve of the stack for various anneal tem-
peratures.

Fig. 5.10: HFCV Analysis of silicon oxy-nitride - silicon nitride stack at different annealing
temperatures (a) Variation in D, and Q for the stack and (b) respective HFCV curves.

the mid-gap D;; increased marginally to 2.3 x 10! eV~!cm™2, with a substantial decrease in
the positive fixed charge density to 6.8 x 10''cm™2, as seen in Fig. 3.2(b). As can be seen in
Fig. 5.10(b), the decrease in D;; is manifested as a decrease in the stretch out in HFCV for the
samples annealed at 550°C and 800°C. The decrease in positive fixed charge for the sample
annealed at 800°C is manifested as a right shift in HFCV, as seen in Fig. 5.10(b). The improve-
ment in interface properties upon annealing could be due to the migration of hydrogen atoms

from the silicon nitride film towards the interface.
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Fig. 5.11: (a) SRV for various silicon nitride layers and corresponding stacks (b) Thermal sta-
bility of stack compared with silicon nitride.

The surface passivation quality of the stack was investigated by measuring effective minor-
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ity carrier lifetime. The SiO.Ny, - SiN,:H stack provides only a marginal improvement in the
lifetime compared to SiN,:H passivation in the as deposited form. However it was seen that a
reduction in the hydrogen content in the nitride (SiN,,:H), obtained by lowering the SiH4 flow
rate to 3.5 sccm, resulted in significant difference between the nitride only passivation and pas-
sivation by the silicon oxy-nitride - silicon nitride stack. Further it was seen that the passivation
quality of the stack had a weak dependence on the hydrogen content of the capping silicon
nitride film. The comparison between SiON,, - SiN,:H and SiO,N, - SiN,,:H in Fig. 5.11(a)
points to the role of an interfacial silicon oxide - oxy-nitride layer in eliminating the need for a
thorough optimisation of the capping silicon nitride. Similar observation was made by Schmidt
et al. [S1] for stacks of SiO, - SiN films as well as by Bordihn et al. [126] for stacks of Si0; -
Al O3 films [126]. The thermal stability of the SiO,N,, - SiN,:H stack was further investigated
and it was compared with that of SiN,:H.

Thermal stability study of the SiONy, - SiN,:H stack showed a minimum SRV of 50 cm/s
after annealing at 400°C, see Fig. 5.11(b). The SRV degraded to 493 cm/s after annealing at
800°C, a typical contact firing temperature for screen printed solar cell fabrication. SiO.Nj, -
SiN,:H exhibited much higher thermal stability as compared to a single layer SiN,:H film, as
shown in Fig. 5.11(b). A similar improvement in thermal stability of SiN layer was reported on
rapid thermal oxide/conventional furnace oxide + PECVD SiN stacks [66]. The SRV reported
here, though higher, was obtained for a film grown at a lower thermal budget (320°C versus
900°C). The degradation in surface passivation upon the increase in anneal temperature is due
to the marginal increase in D;; (degradation of chemical passivation) and decrease in Qs (degra-
dation of field effect passivation). The degradation in passivation quality may be attributed to

an out diffusion of hydrogen from the interface [122].

5.3.4 Conclusion

In this section, a detailed investigation on the surface passivation properties of a stack of plasma
grown SiOxN,, - SiN,:H film was discussed. Detailed physical characterisation using XPS and
TOF - SIMS confirmed that the film grown in N>O ambient is a silicon oxy-nitride and not
an oxide due to the presence of nitrogen within the film. Upon capping the SiO,N, film with

2 was obtained after

SiN,:H, very low interface state density in the order of 10! eV~lcm™
annealing. The stack exhibited a minimum surface recombination velocity of 50 cm/s upon

annealing at 400°C, and the thermal stability at higher temperature (800°C) was much superior
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when compared to that of a single layer silicon nitride film. This result is in line with what was
previously reported by Narasimha et al. [66], where a similar behaviour was observed when a
thin thermally grown silicon oxide film was capped with silicon nitride film [66]. It was also
found that a thorough optimisation of the capping silicon nitride layer could be avoided when
a thin plasma grown oxide was grown prior to the silicon nitride deposition. This maybe the
outcome of the fact that the interface properties are governed by the plasma grown SiO,N,, layer
than the silicon nitride layer. This result is similar to what was previously observed by various

groups [51, 68, 126].

5.4 Can addition of ammonia during plasma oxidation result
in an improvement in surface passivation?

It is reported that using an ammonia plasma treatment prior to silicon nitride deposition leads
to interface state density in the order of 10! eV—!lem™2 [131]. This improvement in interface
properties was attributed to a nitridation of the interface prior to silicon nitride deposition. On
the other hand, room temperature ammonia plasma exposure on thermally grown SiO; - Si in-
terface was also reported to result in increased interface state density and surface charges [130].
Further, an ammonia plasma could contain atomic hydrogen which may potentially improve
the surface passivation. In order to investigate these aspects, an experiment was carried out,
to study the effect of ammonia addition during the plasma oxidation process in N,O ambient.
The variation in plasma characteristics, chemical composition and electrical properties of sil-
icon oxy-nitride films grown in N,O + NH3 ambient is investigated. The surface passivation
properties of the film is also investigated after capping it with a hydrogenated silicon nitride

film (SiN,:H). The thermal evolution of the surface passivation is also discussed in this section.

5.4.1 Experiment details

The plasma exposure was done on p-type <100> Cz wafers, with 4 - 7 Q cm resistivity. The
exposure was done in two different ambients (a) Nitrous oxide (N,O) (b) mixture of N>O +
NHj3. Two different substrate powers of 10 W and 0 W were tried out during the experiments.
The reactant species present in the plasma was analysed using an OES, and thickness of the

films was measured using a spectroscopic ellipsometer. Angle resolved XPS (ARXPS) mea-
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surements were carried out to investigate the nitrogen incorporation into films grown in both
N,O and N,O + NH3 ambients. In order to study the electrical properties of the films, HFCV
measurements were carried out on MIS capacitors. MIS capacitors were fabricated after cap-
ping the plasma grown film with hydrogenated silicon nitride film deposited using an ICP -
CVD system. Aluminium was used as the gate metal for the MIS capacitors. MIS capacitors
were fabricated for films before and after annealing in nitrogen ambient at 400°C for 2 s. HFCV
analysis was carried out and Dj; was extracted using single frequency approximation method
[118], while the fixed charge density was extracted by calculating the shift in mid - gap voltage
from its ideal value [117]. Photo conductance decay measurements were carried out on 3  cm
n-type FZ wafers, using a Sinton WCT lifetime tester. These measurements were done after
depositing the stacks on both sides of the FZ wafer. The thermal evolution of the surface passi-
vation was evaluated by annealing the stacks in a rapid thermal annealing chamber in nitrogen

ambient, for 2 s each.

5.4.2 Plasma characterisation using optical emission spectroscopy
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Fig. 5.12: Optical emission characteristics of NoO + NH3 plasma for varying ammonia flow
rates.

The emission lines for N,O + NH3 plasma generated with a RF power of 1000 W, and with
a substrate power of 10 W, are shown in Fig. 5.12. The N,O flow rate was kept constant at 50
sccm, while the ammonia flow rate was varied from 10 sccm to 50 sccm. The excited states of
oxygen in plasma are mostly comprised of atomic transitions from 3p>P to 3s’S resulting in an
emission line at 777 nm. The atomic transition from 3p>P to 3s3S results in another emission
line at 844 nm [128]. As was seen in Fig. 5.4(d), nitrous oxide plasma comprises of excited
oxygen states resulting in strong emissions at 777 nm and 844 nm. Upon adding ammonia into

the chamber, the intensity of oxygen emission comes down, and a strong peak corresponding
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to the hydrogen emission line at 656 nm is visible as can be seen in Fig. 5.12. Similar optical
emission spectrographs were obtained for films grown at lower substrate power. However, as the
substrate power was decreased, the thickness of the as grown film decreased. It was observed
that as the intensity of the oxygen emission lines came down for higher ammonia flow rates, the
thickness of the film grown in the N,O + NH3 plasma ambient also came down from 5 nm (for

10 sccm of NH3) to 4.4 nm (for 50 sccm of NH3).

5.4.3 Physical characterisation of plasma grown films
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Fig. 5.13: Si2p XPS spectrum for films grown in (a) N,O and (b) N,O + NH3 ambient. A large
amount of sub - stoichiometric phases of silicon oxide can be seen for both the films.

In order to understand how the physical composition of the plasma grown film changes
with ammonia exposure, X-ray photoelectron spectroscopy was carried out on the samples.
Fig. 5.13 compares the Si2p spectrum for the sample grown in N»O and N>O + NH3 plasma. It
is reported that a binding energy of 103.3 eV corresponds to SiO; peak while a binding energy of
102 eV corresponds to Si3Ny [124]. The binding energies between these values are reported to
represent silicon oxy - nitride phases. The Si2p spectrum for N»O + NH3 ambient had a broader
peak, indicating significant presence of nitrogen within the film. A higher intensity for the Ols
spectrum was observed for film grown in N>O plasma indicating a film with higher oxygen
content. Upon de-convolution of Si2p peak for film grown in N,O ambient, it was observed
that the film comprised mainly of sub stoichiometric oxides, with peaks at 105 eV, 104.4 eV,
and 103.8 eV. However, for the film grown in N>O + NH3 ambient, upon de-convolution, peaks

indicating sub-stoichiometric oxides at 104.4 eV and 103.8 eV along with a stoichiometric
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silicon dioxide peak at 103.3 eV can be seen, as indicated in Fig. 5.13(b).
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Fig. 5.14: ARXPS NI1S spectrum for films grown in (a) N,O and (b) N,O + NH3 ambient.
Presence of nitrogen is seen for sample grown in N,O + NH3 plasma ambient.

On comparing the N1s spectrum for both the samples, presence of nitrogen was found in
case of sample grown in N,O + NH3 ambient. Angle resolved XPS was carried out to determine
the position of the nitrogen within the as grown film. As can be seen in Fig. 5.14(a), the film
grown in N>O ambient did not result in any nitrogen incorporation, whereas the film grown in
N,O + NH3 ambient indicated the presence of nitrogen within the film. As can be seen from
Fig. 5.14(b), nitrogen was found closer to the interface, as indicated by the takeoff angle ob-
served in the XPS. The absence of nitrogen within the film grown in N>,O ambient contradicts
with the previously discussed results in Section 3.3. The difference stems from the lower sub-
strate power used in this experiment. A lower substrate power was chosen to eliminate any
potential nitrogen pile up in the film grown in N,O ambient. Thus by tailoring the substrate
power, or by adding ammonia to the process chamber during the plasma oxidation process, thin
silicon oxy-nitride films can be grown at low temperatures in an inductively coupled plasma
chamber. The impact of the nitrogen pile up on the interface properties was investigated by

fabricating MIS capacitors and symmetric test structures for lifetime measurements.

5.4.4 Lifetime and capacitance - voltage measurements

The electrical characteristics of the as grown plasma oxide/oxy-nitride films were studied by

fabricating MIS capacitors with aluminium as the gate metal. For the plasma grown films, an

2

interface state density in the order of 10'2 eV—lecm~—2 was observed, irrespective of the ambient
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used for the growth. However, it was observed that the films grown in N, O ambient had a lower
Dj;, and higher Q,, value as compared to films grown in N,O + NH3 ambient. The interface
properties were further investigated by means of HFCV and HFGV measurements after capping
the plasma grown films with SiN deposited in a ICP - CVD. HFCV and HFGV curves for the
stack were measured before and after annealing the stack in nitrogen ambient at 400°C for 2 s.
The temperature was chosen as it yielded the highest quality surface passivation in our previous

experiments. The results of the HFCV analysis is summarised in Fig. 5.15.
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Fig. 5.15: Variation in (a) D;; and (b) Q for SiON, - SiN,,:H stacks before and after annealing
at 400°C.

It was observed that for single layer films, the D; remained above 10'? eV~!ecm~2 and
upon capping the film with silicon nitride, the interface state density came down by an order of
magnitude, and was found to be ~ 2x10'! eV~!em™2 for samples grown in N>O ambient, while
it was found to be ~4x10'' eV~!lem™2 for samples grown in N»O + NH; ambient. However,
upon annealing the stacks at 400°C in nitrogen ambient, the D; came down by an order of
magnitude to ~ 4x10'% eV~!em ™2 for the stack based on plasma oxide grown in N,O ambient.
However, for the stack based on N,O + NH; ambient, the D;; was found to be ~ 1.7x10'!
eV~ !cm~? after annealing at 400°C in N ambient. It is reported that hydrogen plasma exposure
at room temperature can also result in an increased interface state density [132]. As was seen
from the optical emission spectrum for NoO + NH3 ambient, the atomic hydrogen within the
plasma may also have contributed in creating a defective interface. The positive fixed charge
density for the stack based on N,O was found to be ~ 1.8x10'2 cm~2, while for the stack based

on N>O + NH3, it was found to be ~ 1.4x10'2 cm—2.
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From the capacitance - voltage studies, it could thus be seen that the film grown in an
ambient of NoO + NH3 did not result in any improvement in terms of D; before and after
annealing. The addition of ammonia rather resulted in an increase in D;, at the Si - SiO.N;,
interface. The increase in D;; may have resulted from the nitrogen incorporation at the interface.
Accumulation of nitrogen atoms at the interface may have resulted in an increased stress at the
interface, which may have resulted in generation of larger amount of interface states [132].
The results discussed in this section confirmed that introducing NH3 during plasma oxidation

process resulted in lower growth rate and poorer interface with higher interface state density.
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Fig. 5.16: (a) T.rs for the SiOxN, - SiN stack before annealing. Higher 7,7s observed for
films grown in N>O plasma ambient (b) Variation in 7.7 for SiOxN,, - SiN stack for different
annealing conditions. 7.ry was measured on 300 pum thick n-type FZ wafers with a resistivity
of 3 Q cm.

Minority carrier lifetime measurements were carried out on samples grown in N>O and N,O
+ NHj3 ambient on n-type FZ wafers, with a resistivity of 3 € cm. The films were capped with
SiN film deposited using PECVD, and minority carrier lifetime was measured. The stack was
annealed at various temperatures and the thermal stability of the lifetime was also measured.
T.rr of 35 us was obtained for the stack of N,O plasma grown film and silicon nitride, while
for the stack of ammonia based plasma grown film and silicon nitride, it was found to be 14
us, as shown in Fig. 5.16(a). Upon annealing the films for various temperatures, a maximum
lifetime of 100 us was obtained at 550°C for N, O based sample, while a maximum of 35 us was
obtained for NoO + NHj3 sample at 550°C as shown in Fig. 5.16(b). Lower 7.7y for samples
grown in NoO + NH3 ambient may be due to the larger N - concentration at the interface.

Similar reduction in 7,rr was reported by Yamashita et al. for increasing N - concentration
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at the interface [133]. However, as the annealing temperature was increased further to 800°C,
both the films attained a minority carrier lifetime of 6 us. This decrease in lifetime may have
resulted from an out diffusion of hydrogen from the interface with annealing. The interstitial
oxygen trapped during plasma oxidation may also have played a role in degradation of 7, ¢

after firing at 800°C.

5.4.5 Conclusion

The addition of ammonia during the plasma oxidation process led to a decrease in the growth
rate of the film. The hydrogen present in the plasma during the growth process did not play
any part in improving the interface quality. However, ammonia plasma exposure led to an
accumulation of nitrogen close to the interface, which may have resulted in an increase in
interface state density at the Si - SiO,N,, interface. Lifetime measurements carried out on the
samples also confirmed that adding ammonia addition during the plasma oxidation process can

be detrimental for the surface passivation quality.

5.5 Trapping of interstitial oxygen within silicon following

plasma oxidation in N,O ambient

= = 9

4 g g N,O flow = 3 sccm B-EG o Trom

L 0 © 10 mins ::5
5 - =4 ——20 mins = 734N 5
8 _\‘_)/ - 40 mins E 23l 1m0 D/
8 —_— 60 mins ‘g’ 6' NzOrowrate(sy
Q
g 1 g 3 — =
o .2 4' D/
21 N £ —
< - N\ = 3 D/D—D—3.O sccm N,O

-_—___/ \S - ) —0=—50 sccm NZO

1200 1000 800 600 10 20 30 40 50 60
Wavenumber (cm'1) Time (mins)

(a) (b)

Fig. 5.17: (a) FTIR spectra for films grown in 3 sccm N>O flow rate showing a decrease in
interstitial oxygen at 1105 cm™! for longer oxidation time (b) Ellipsometry data showing thick-
ness versus growth duration for films grown in 3 sccm and 50 sccm N, O flow. Inset shows the
O line intensities measured using OES, higher O line intensity is observed for plasma struck at
lower flow rates
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Low temperature oxidation of silicon in oxygen plasma ambient is reported to result in
oxygen incorporation in the bulk of the silicon [85]. According to Kim et al., the trapped oxy-
gen in silicon is representative of the plasma damage incurred on the wafer during the plasma
treatment. For larger thickness of the plasma grown oxide film, a decrease in interstitial oxy-
gen content in silicon was observed [85]. An experiment was carried out in order to ascertain
whether the same behaviour is replicated in case of the plasma oxidation process discussed in
this thesis. Plasma oxidation was carried out at two different gas flow rates, 3 sccm and 50
sccm for different time durations. Fig. 5.17(a) shows the FTIR spectrum for films grown at 3
sccm N;O flow rate. As the plasma exposure duration increased from 10 to 60 min (increasing
film thickness), the interstitial oxygen peak at 1105 cm™! is seen to come down, whereas, the
peak at 1068 cm~! corresponding to Si - O - Si stretching mode vibrations is seen to increase.
The thickness of the film was also seen to increase for longer plasma exposure duration, as
shown in Fig. 5.17(b). The results presented here are similar to what was previously reported
by Kim et al., who had shown a correlation between film thickness and interstitial oxygen con-
tent [85]. Inset of Fig. 5.17(b) also shows the atomic O line intensities at 777 nm and 844 nm
measured using OES. The atomic O line intensity is seen to come down for higher N,O flow

rates, resulting in lower film thickness, as shown in Fig. 5.17(b).
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Fig. 5.18: (a) FTIR spectra comparing films grown at 3 sccm and 50 sccm N,O flow rates.
Time of growth was 10 min. Lower interstitial O content is observed for the 50 sccm sample (b)
FTIR spectrum measured before and after removing the plasma grown film in 2% HF solution,
confirming the trapping of interstitial oxygen within silicon.

From OES spectrum, higher oxygen plasma intensity was observed for 3 sccm plasma com-

pared to 50 sccm plasma, and hence a better oxidation rate. Despite its lower thickness, the film
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grown in 50 sccm N,O plasma showed lower interstitial oxygen content at 1105 cm~! when
compared to a film grown in 3 sccm N, O plasma. This is illustrated in Fig. 5.18(a), This differ-
ence in interstitial oxygen content stems from the higher amount of atomic oxygen observed for
the 3 sccm N,O plasma. Similar correlation between atomic oxygen intensity and interstitial
oxygen content was also previously reported by Kim et al. [85].

In order to confirm whether the interstitial oxygen was present in the plasma grown film or
inside the silicon surface, FTIR measurements were done on a sample before and after 2% HF
dip for 60 s. A strong peak at 1105 cm-1 corresponding to interstitial oxygen was observed fol-
lowing the HF dip, as shown in Fig. 5.18(b). From this simple experiment, it was concluded that
the interstitial oxygen is trapped within the silicon substrate. The detailed impact of the trapped
interstitial oxygen on the surface passivation as well as solar cell performance is discussed in

the next chapter.

5.6 Conclusions

In this chapter, the potential of a plasma oxidation for surface passivation of silicon surfaces
was investigated. From HFCV and lifetime measurements it was observed that plasma oxida-
tion process carried out in NoO ambient was more suited for the surface passivation applica-
tion. Lower interstitial oxygen content and plasma damage were the main reasons for choosing
plasma oxidation process as the ambient for the future experiments. Films grown in N, O plasma
ambient was found to have small amount of nitrogen in it confirming it is a silicon oxy-nitride
film. On capping the film with silicon nitride and subsequent annealing at 400°C, SRV of 50
cm/s was obtained. The stack was also seen to exhibit superior thermal stability as compared to
its silicon nitride counterpart. Compared to plasma oxidation in N,O ambient, plasma oxidation
in NH3 + N,O ambient resulted in significant pile up of nitrogen close to the interface of Si -
SiO,N;,. Pile up of nitrogen at the interface may have resulted in a higher interface state density
and thereby resulting in lower effective lifetime. Plasma oxidation in N,O ambient resulted in
trapping of interstitial oxygen within silicon. Interstitial oxygen, representative of the plasma
damage, came down for longer plasma exposure duration. Consumption of silicon during the
growth of thicker films resulted in lower interstitial oxygen content for thicker plasma grown
films.

Having investigated the potential of the N,O based process for silicon surface passivation,
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further efforts were directed towards integrating the plasma oxidation process in silicon solar
cells. The process integration included porting of the process from an ICP based remote plasma
system to a capacitive coupled direct plasma system. The process details, surface passivation

studies and solar cell performance are discussed in detail in the next chapter.
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Chapter 6

Plasma oxidation for emitter surface

passivation in silicon solar cells

Thermally grown silicon dioxide (SiO,) film of thickness ~105 nm is used as the front surface
passivation layer in case of high efficiency PERL solar cells [9]. Recently, Metal-Insulator-
Semiconductor (MIS) architecture based solar cells employing a thin tunnel oxide resulted in a
solar cell efficiency of 24.9%. The tunnel oxide replaces the amorphous Si layer used in conven-
tional Heterojunction with Intrinsic Thin layer (HIT) structures, and yielded an improvement
in short circuit current and fill factor [134]. However, thermal oxidation process is not industry
compatible and hence low temperature oxidation of silicon has evoked interest of the solar cell
community [35, 42, 74].

In the previous chapter, feasibility of plasma oxidation process for surface passivation of
c - Si surfaces was discussed on test structures. It was seen that on using stacks of SiO.Nj, -
SiN,:H, thermal stability of the SiN,:H layer improved significantly. This chapter discusses the
integration of plasma oxidation process into the silicon solar cell fabrication process flow. First
part of the chapter investigates plasma oxidation in N, O ambient at 380°C in a PECVD chamber
and discusses the role of trapped interstitial oxygen on surface passivation quality and solar cell
performance. The chapter also discusses the emitter surface passivation quality of films grown
in Ar + N,O plasma ambient, and benchmarks it efficacy with that of a SiOy film grown in
a furnace at 600°C. The latter part of the chapter discusses the impact of the silicon nitride
deposition conditions on the shunt formation in solar cells, and thereby providing a roadmap

for further improvement in solar cell performance.
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6.1 Role of interstitial oxygen trapped during plasma oxida-

tion on surface passivation quality

Plasma oxidation of silicon at low temperature resulted in trapping of interstitial oxygen on the
top layers of silicon substrate [85]. Atomic oxygen present in plasma ambient contributed to the
interstitial oxygen trapped within silicon. As discussed previously in section. 5.5, for increasing
oxide thickness, the amount of interstitial oxygen trapped within the silicon was seen to come
down. It was suggested that the trapped interstitial oxygen may result in higher leakage current
in case of MOS transistors [85]. However, no data correlating the role of interstitial oxygen to
electrical performance of the device is available. Trapping of interstitial oxygen in silicon is
thus inevitable in case of plasma oxidation in O, or N»,O ambient. An improved understanding
on the role of interstitial oxygen in determining electrical performance, can result in designing
and developing processes for replacing thermally grown SiO, films in crystalline silicon solar
cells. In this section, role of interstitial oxygen trapped in silicon during plasma oxidation on
the quality of surface passivation is investigated. By varying the plasma exposure time, films
of different thickness were grown. The impact of plasma grown film thickness on the effective
minority carrier lifetime, fixed charge density, interface state density and emitter passivation

were investigated after capping the plasma grown films with PECVD silicon nitride film.

6.1.1 Experimental setup

RF supply,

Silicon @ 380°C
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Fig. 6.1: (a) Schematic of PECVD system and (b) plasma oxidation process.
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Thin silicon oxy-nitride (SiO,Ny) films were grown in a capacitive coupled PECVD (Plas-
malab 100, Oxford instruments) chamber at 380°C in N,O ambient. The schematic of the PECVD
chamber, and the plasma oxidation process are shown in Fig. 6.1. Films of varying thickness
were grown on RCA cleaned, p-type, polished Czochralski (Cz) <100> Si wafers with resistiv-
ity of 4 - 7 Q cm by varying the plasma exposure time as 5, 10, 20 and 40 minutes. For the the
growth of SiONy film, RF power was 10 W, chamber pressure was 1 Torr and N>O flow rate
was 200 sccm. Thickness of the oxynitride was measured using a spectroscopic ellipsometer
(SE 800, Sentech Instruments). Film composition was determined using FTIR (Spectra 100,
Perkin Elmer) and XPS (PHI5000VersaProbell, ULVAC - PHI). For lifetime measurements,
thin silicon oxy-nitride films were grown on both sides of n-type float zone (FZ) <100> wafer
with 1 Q cm resistivity. Hydrogenated silicon nitride film (SiN,:H) film of ~ 88 nm with a RI
of 1.98, was deposited on SiO,N, on both sides of the wafer and minority carrier lifetime was
measured using a Sinton WCT 120 lifetime tester. Interface properties of the stack of SiO,N,, -
SiN,:H was investigated by fabricating Metal - Insulator - Semiconductor (MIS) capacitors on
identical n-type FZ wafers. Thermally evaporated aluminium was used as the top and bottom
contact. Thermal stability of SiO(Ny, - SiN,:H stacks were investigated by firing the sample in
a Rapid Thermal Annealing (RTA) chamber at 850°C in N; + O, ambient for 1 s.

Diffusion & PSG

SDR, Texture & RCA
removal

Edge Isolation

Front & back Plasma Oxidation &

HEBEEE contact printing SiN PECVD

Fig. 6.2: Solar cell process flow.

Crystalline silicon solar cells were fabricated on textured 125 mm x 125 mm, 1 Q cm p-
type Cz wafers. Gas phase diffusion based on phosphorous oxy-chloride (POCls) was used for
forming the n* emitter surface. Following phospho silicate glass (PSG) removal and plasma
edge isolation, the surface passivation layer was grown/deposited using a capacitive coupled
PECVD system at 380°C. Screen printed silver was used as the front contact while screen
printed aluminium was used as the rear contact, which were fired at 850 °C in a rapid thermal

annealing chamber in N, + O, ambient. The schematic for the fabrication of silicon solar
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cells is shown in Fig. 6.2. The quantum efficiency of the solar cell was measured to study
the effect of plasma grown oxy-nitride films on the quality of emitter passivation. In order to
study the quality of emitter passivation, lifetime measurements were carried out on 45 Q/[]
double side phosphorus diffused p-type 1 £ cm Cz wafers. Stacks of SiON, - SiN,:H were
deposited on both sides of the diffused wafer and 7,7r was measured from quasi-steady state

photo conductance measurements (QSSPC).

6.1.2 Physical characterization of plasma grown films
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Fig. 6.3: Physical characterisation of N>O plasma grown films on Si (a) N1s XPS spectrum for
SiO;Ny, film grown in NoO ambient for 5 min and 40 min confirming presence of nitrogen (b)
Ols XPS spectrum showing larger oxygen content for films grown for 40 min.

The variation in film composition was investigated using XPS. The longer plasma exposure
time also resulted in an increase in nitrogen content in the film from 0.2% to 0.6%, as shown
in Fig. 6.3(a). As the plasma exposure time was varied from 5 to 40 min, oxygen/silicon ratio
changed from 1.56 to 2.74 indicating an increase in oxygen content within the film. The in-
creasing O content within the plasma grown film is indicated in Fig. 6.3(b). The presence of
nitrogen in the plasma grown film confirms that the plasma grown film is a silicon oxy-nitride
film with small amounts of nitrogen.

Impact of interstitial oxygen on the electrical characteristics of the devices was investigated
by growing thin oxy-nitride films in a PECVD chamber in N,O ambient. Fig. 6.4(a) shows the
FTIR spectrum for the plasma grown films in N,O ambient in a PECVD chamber for varying

plasma exposure times. Similar to the results obtained by Kim et al., the films grown in PECVD

83



(@) _g ::: N,O Oxidation | (p) 3 4 :::z::: © 25l
10 mi Y 1V —sum 4170
=) min = £ I Raw Data
3 | —20 min 2 g1 It 2.0} —~
& 40 min & g i) g 1605
3 3 < ] 2
c c 1200 1100 1000 _ 900 b 1.5} NN 450 o
(1] © | Wavenumber (cm”) b
8 £ K 40
2 - 2 o 10F =
2 2 - 2 {30
T 0.5r / \
—_— Before HF etch N
o 120
——— After HF etch 0.0
1300 1200 1100 1000 900 1300 1200 1100 1000 900 O 10 20 30 40
Wavenumber (cm'1) Wavenumber (cm'1) Time (min)

Fig. 6.4: (a) FTIR Spectra for films grown in PECVD chamber showing the emergence of
Si - O - Si vibration mode at 1060 cm~!, along with a decrease in interstitial oxygen peak
at 1105 cm~! with increasing plasma oxidation time (b) FTIR spectrum of plasma grown oxy-
nitride film before and after removal of oxide in HF solution, a peak corresponding to interstitial
oxygen is seen to remain indicating that it is within silicon. Inset shows the deconvolution of
FTIR spectrum to obtain two peaks at 1105 cm~ ! and 1060 cm™! (c) Ratio of area under the
1105 cm™! and 1060 cm™~! peaks is seen to decrease, which corresponds to an increase in film
thickness.

chamber had peaks at 1105 cm™!, which corresponds to interstitial oxygen trapped within sili-
con [85]. The film grown for 5 min had the strongest interstitial peak, while the films grown for
longer duration started exhibiting a strong shoulder corresponding to the Si - O - Si stretching
mode vibrations at 1060 cm~!. The untreated sample (labelled as 0 min), correspond to a bare
Si sample of same base resistivity measured after a 2% HF clean. FTIR measurements were
repeated after etching the oxy-nitride film in buffered HF solution (5:1). The comparison of the
FTIR spectrum before and after etching in buffered HF solution is shown in Fig. 6.4(b). Upon
removing the oxy-nitride film, a FTIR peak corresponding to interstitial oxygen at 1105 cm™!
was seen, while the Si - O - Si shoulder at 1060 cm~! was seen to disappear, indicating the
removal of SiO,N, film, as shown in Fig. 6.4(b). The residual peak at 1105 cm™! corresponds
to interstitial oxygen within silicon [85]. The impact of plasma exposure time on the interstitial
oxygen concentration can be seen clearly in Fig. 6.4(c). FTIR spectrum was de-convoluted and
two Gaussian peaks corresponding to 1105 cm~! and 1060 cm~! were obtained as shown in
inset of Fig. 6.4(b). The ratio of area under the 1105 cm~! and 1060 cm™~! peaks is shown in
Fig. 6.4(c), which is seen to decrease for increasing film thickness. Similar to the observations
made by Kim et al. [85], the interstitial oxygen concentration in silicon due to plasma treatment
came down for longer plasma treatment.

As shown in Fig. 6.4(c), a 7.3 nm film was obtained after treating the film in N,O plasma

ambient for 40 min. In order to use this thin layer as a surface passivation layer, it needs to be
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Fig. 6.5: FTIR measurements carried out on Si wafer after stripping the as deposited and fired
SiO;Ny, - SiN,:H stacks in buffered HF solution. A significant increase in peak at 1105 cm ! is
seen for 40 min sample, after firing (b) HRTEM image of a (10 min) SiO,Nj, - SiN,:H stack.

capped with another dielectric like silicon nitride. Stacks of SiO,N, - SiN,:H would also have
to undergo various thermal treatment steps like the high temperature firing step used in ¢ - Si
solar cell fabrication. In order to investigate the evolution of trapped interstitial oxygen to these
processing steps, the silicon oxy-nitride films were capped with silicon nitride. One part of the
sample was fired at 850°C, simulating the typical firing condition, while the other sample was
kept as reference. The stack of SiO,N, - SiN,:H was then stripped off using buffered HF (5:1)
solution, and FTIR measurements were carried out. The results of the measurement are shown
in Fig. 6.5(a). For the 5 min sample, interstitial oxygen content was seen to remain within
silicon even after silicon nitride deposition and firing step. However, for the 40 min sample,

! was very weak before firing, but was seen

signal from the interstitial oxygen peak at 1105 cm™
to increase dramatically after firing. This increase in interstitial content may have been the result
of oxygen diffusion from the SiO.Ny, film into the silicon substrate. XPS measurements for the
40 min sample had confirmed that the SiO,N,, film was rich in oxygen, see Fig. 6.3(b). Hence,
it may act as a potential source of oxygen. The impact of this potential oxygen diffusion on the
effective lifetime of the stack is investigated in detail in the sections below. Fig. 6.5(b) shows

the HRTEM image showing the plasma grown film after 10 min of N,O plasma exposure. The

thickness of the film grown can be seen to be ~ 5 nm.
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Fig. 6.6: HFCV curves for SiO,N, - SiN,:H stacks (a) before firing (b) after firing (c) Q,x and
D;; versus plasma exposure time before ([J) and after firing(<).

6.1.3 Capacitance - Voltage and lifetime measurements

High frequency capacitance - voltage (HFCV) and High frequency conductance - voltage (HFGV)
measurements were carried out on SiO;Ny - SiN,:H stacks grown/deposited on n-type FZ
wafers. Aluminium was used as the top and bottom electrode. The measurements were car-
ried out before and after firing the stack at 850°C. The frequency of measurement was set at
50 KHz. The results of the HFCV measurements are shown in Fig. 6.6(a) and 6.6(b). Before
firing, HFCV curves can be seen to shift to the left for increasing plasma exposure time, indi-
cating an increase in fixed charge density (Q,x). Q,x Was extracted by calculating the shift in
mid-gap voltage from its ideal value [117]. Additionally for the 20 min and 40 min samples, a
hump can been seen towards the accumulation region of the C-V curve as shown in Fig. 6.6(a),
possibly due to generation of additional defects at the Si - SiO,Ny, interface. Before firing, Qox

was seen to improve from 3.2x10'? cm ™2 to 5x10'2 cm~? for increasing plasma exposure time.
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However, upon firing, a significant decrease in Q,, was shown by the 40 min sample, while
almost no change in Q,, was observed for 5 min sample. A progressive decrease in Q,, was
seen for samples after firing for longer plasma exposure time.

The interface state density (D;;) was extracted from HFGV and HFCV curves using single
frequency approximation method [118]. D increased from 3 x10'! eV~lecm=2 to 6.5 x10'!
eV~ !lem™2 when the plasma exposure time was raised from 5 to 40 min. After firing the sam-
ples, D;; was seen to decrease significantly, as shown in Fig. 6.6(c). However, the value of D;

was comparable across all the four samples after firing.
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Fig. 6.7: (a) Variation in 7,7 versus growth time, for samples before and after firing. 7, for
silicon nitride film (0 min) is also indicated in figure for comparison. 7,rs was measured on
300 um thick n-type FZ wafers with a resistivity of 3  cm. (b) C-V curves for SiN,:H and 40
min SiO,N, - SiN, :H stack after firing is shown for comparison. A larger stretch-out in HFCV
curve can be seen for SiN,:H sample.

Effective surface passivation would depend on two competing mechanisms: (1) field effect
(Qox) passivation, and (ii) chemical (D;) passivation [10]. In the case of as deposited samples,
D;; and Q,, are seen to increase with increasing thickness of the silicon oxy-nitride film. In
this case, the field effect passivation is enhanced while the chemical passivation is degraded.
However after firing while the D is fairly identical, Q,, decreases with increasing thickness,
indicating similar chemical passivation, but decreasing field effect passivation. Minority carrier
lifetime measurements carried out on stacks of unannealed SiO;Ny, - SiN,:H stacks, revealed
a decreasing T,y for increasing plasma exposure time. As can be seen in Fig. 6.7(a) T.zr de-
creased from 347 us to 68 us for longer plasma exposure time. Despite an enhancement in

field effect passivation, the lower 7.z¢ for 40 min is attributed to its significant degradation in
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chemical passivation, as was observed from C-V analysis. The 7.rr may also degrade signif-
icantly with a degradation in T, as a result of the plasma treatment process. However, this
aspect is discussed later on in this section. The lifetime obtained for 5 min SiON,, - SiN,:H
stack (before firing) corresponds to a SRV of 43 cm/s (S.sr). For the short growth time, this
result is at par with what was previously reported for low temperature grown silicon oxide films
[12, 70, 72].

However, after firing, a sharp fall in 7,7r was observed for the SiO;N, - SiN,:H stacks.
On firing the SiON,, - SiN,:H stacks, 7,7r came down drastically from 347 us to 30 us for
the 5 min sample. A similar decrease was seen for all the SiO;Ny - SiN,:H samples, with
the 40 min sample showing a carrier lifetime of 8 us after firing. However, after firing, 7.z
obtained for SiON, - SiN,:H stacks were significantly lower than what was seen for silicon
nitride sample (0 min) after firing. Fig. 6.7(b) compares the HFCV and HFGV curves for fired
silicon nitride sample and SiO,N,(40 min)/SiN,:H stack. The silicon nitride sample was seen
to have a larger stretch out in HFCV than the SiO,N, (40 min)/SiN,:H sample, implying a better
quality interface for the stack. However, as previously shown, the corresponding lifetimes after
firing were 168 s and 8 s for silicon nitride and SiO,N,, - SiN,:H stack respectively. Thus,
it maybe concluded that the degradation in 7,7y may not be the result of degradation of Si -

SiO.Ny, interface.

5 min 5 min 5 min 5 min
As-dep  Fired HF Clean HF Clean
As-dep  Fired

Fig. 6.8: Lifetime data on samples measured before and after firing. The samples differ in
the fact that the plasma grown SiO,N, layer was etched out in 2% HF solution. After firing,
a significant degradation in T,y can be seen, when the SiO,N, layer is present during firing
process.
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In order to ascertain the likely cause of this degradation, additional experiments were carried
out on RCA cleaned, n-type 3 Q cm FZ wafers. Silicon oxy-nitride film was grown on both
sides of the wafer by exposing it in N»>O plasma ambient for 5 min. Subsequently SiN,:H was
deposited on both sides and this sample is labelled as S1. Lifetime was measured before and
after firing the sample at 850°C. Another set of samples labelled as S2 were prepared, wherein
the SiO,N,, was first grown using the same process as S1 and then it was subsequently etched in
2% HF. SiN,:H was then deposited on both sides, and lifetime was measured before and after
firing. In case of S1, SiON, layer is present near the interface, while it is absent in case of
sample S2. For sample S2, 7,¢¢ of 170 us was measured in as deposited state, which degraded
to 126 us after firing. The quantum of decrease in 7,7y was ~ 50 us which was significantly
lower than what was seen for sample S1 after firing, as shown in Fig. 6.8. In short, the firing
process with the SiO,N, layer on the wafer has resulted in larger degradation in lifetime than
without it. As seen from FTIR investigations, the transport of oxygen across the interface into
the bulk of the wafer may have played a major role in degrading the measured 7,y for the fired
SiOxNy, - SiN,:H stacks due to potential degradation in bulk lifetime (Tpyx).

To summarise, from HFCV and lifetime measurements, it maybe concluded that 7,rr was
found to be determined by Q,, and D;; at the Si - SiO,N, interface. Upon firing the SiO;N,, -
SiN,:H stacks, 7.rs degraded severely. The degradation may have been the result of a degrada-
tion in T, potentially due to diffusion of oxygen from SiO,N, layer into the silicon substrate

during firing, as was seen from FTIR measurements.

6.1.4 Can plasma grown silicon oxy-nitride films be used for emitter sur-

face passivation?

As shown in the previous section, firing of SiO,N,, - SiN, :H stacks was seen to result in a severe
degradation of 7.sr as compared to SiN,:H films. The experiments were carried out on n-type
FZ wafers, where the tolerance to oxygen impurities is low. Commercially available mono c -
Si solar cells make use of Cz wafers in which the oxygen impurity concentration is almost two
orders of magnitude higher than FZ wafers. This could imply that a Cz wafer would be more
tolerant to potential oxygen diffusion from the plasma grown silicon oxy-nitride film. Thus the
behaviour of plasma grown SiO.N, - SiN,:H stacks can be inherently different in case of FZ

and Cz wafers. Additionally, the diffusion process carried out using POCI3 can also result in
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some oxygen incorporation into the emitter of the solar cell. Additionally for emitters with low
Riheer» passivation is governed mainly by chemical passivation [135]. Thus an improved SiO,N,,
- Si interface as shown in Fig. 6.7(b) can potentially improve the emitter passivation. In order
to investigate this aspect, c - Si solar cells were fabricated on textured p-type wafers of 1 Q2 cm
base resistivity and an emitter sheet resistance of 45 Q/L1. SiO,N,, film was grown by exposing
the emitter surface to an N>O plasma for 5 min and 40 min. The SiO,N,, film was capped
with SiN,:H and was used as the front surface passivation layer/anti-reflective coating. A solar
cell with SiN,:H film as surface passivation layer/anti-reflective coating was also fabricated for
comparison. Illuminated and dark IV characteristics for the solar cells are shown in Fig. 6.9. It
can be seen that the J is higher for the solar cell passivated with the SiO,N, - SiN,:H stack.
Another noticeable feature is the larger reverse leakage current observed in the dark IV curve,
as shown in Fig. 6.9(b). The increase in reverse leakage current can be attributed to an increase
in the number of recombination centres, due to oxygen interstitials [136]. The reverse leakage
current came down for longer plasma exposure duration, which was shown to result in lower
interstitial oxygen in section 6.1.2, indicating the correlation between the trapped interstitial
oxygen content and reverse leakage current. Similar increase in reverse leakage current was
reported by Chen et al., who had found that larger the amount of oxygen precipitates in the

wafer, larger is the reverse leakage current [136].
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Fig. 6.9: (a) Illuminated and (b) dark IV curves for solar cell with and without plasma grown
SiOxN, film.

The detailed solar cell characteristics are summarised in Table. 6.1. V. for all the solar cells

were found to be almost identical. However, the short circuit current was seen to increase by
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almost 0.6 mA/cm? for an oxidation time of 40 min. Yet another interesting observation is the
lower Ry, observed for the films passivated with plasma grown SiON,, - SiN,:H stacks. The
interstitial oxygen trapped within silicon can lead to an increase in the reverse leakage current,
and hence lower Ry;,. The lower Ry, and the higher Ry was also seen to have a bearing on the
FF of the solar cells passivated with SiO,N,, - SiN,:H stacks.

Table 6.1: Illuminated IV parameters for solar cells fabricated with and without plasma grown
oxy-nitride film.

| Cell | Voe(mV) | Je(mA/em?) | FR(%) | n(%) | R(Q cm?) | Ry (Q cm?) |

Ref. 608 33.60 76.5 15.6 0.72 2973
Smin 609 33.96 73.9 15.3 0.93 560
40 min 609 34.16 75.4 15.7 0.77 813
804
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Fig. 6.10: IQE and reflectance curves for two sets of solar cells with different emitter sheet
resistances (a) 45 Q/U1 emitter (b) 100 /(] emitter.

The internal quantum efficiency of the solar cells are shown in Fig. 6.10(a). As can be seen,
cells with 5 min, 40 min SiO,N,, had a better response in 300 - 500 nm wavelength range, indi-
cating a potential improvement in emitter passivation as compared to the reference sample. The
same is highlighted in the inset of Fig. 6.10(a). For the wavelength range from 550 nm to 950
nm, a marginal reduction in internal quantum efficiency (IQE) can be seen, most likely due to
a degradation in 7, of the wafer, as a result of possible diffusion of oxygen from the oxygen
rich SiON,, film after firing. The lower Ry, for the cells with the SiO\N, - SiN,:H emitter
surface passivation stacks may also have played a role in bringing down the IQE in the 550

nm to 950 nm range. The improvement in IQE for shorter wavelengths maybe the result of an
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improvement in Si - SiO,N,, interface quality. Glunz et al. had reported that the impact of posi-
tive charges on the SRV of emitter surfaces was low [27]. In this work, only positively charged
dielectrics were used for emitter surface passivation, and hence, it maybe fair to conclude that
a better SiON,, - Si interface may have played a major role in determining the emitter surface
passivation quality. The SiO,N, layer can shield the wafer surface from plasma damage dur-
ing the silicon nitride deposition, which may have lead to an improvement in short wavelength
response as seen from IQE. HFCV curves shown in Fig. 6.7(b) had indicated a better chemi-
cal passivation for the SiO,N,, - SiN,:H stacks as compared to SiN,:H film. Similar shielding
behaviour was reported to yield improved short wavelength response for wet chemical grown
silicon oxide films [74]. Fig. 6.10(b) shows the quantum efficiency for solar cells fabricated
on 100Q/0] emitter. The improvement in emitter surface passivation quality for the SiONj, -

SiN,:H stack was significantly better than their SiN,:H counterpart, as is seen in Fig. 6.10(b).
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Fig. 6.11: Lifetime measurements on double side diffused emitters after firing at 850°C (a) 45
Q/[] emitter on Cz wafer (b) 100 Q/C] emitter on FZ wafer.

In order to verify the improvement in emitter passivation quality across the samples, QSSPC
measurements were catried out on 45 Q/[] emitters diffused on both sides of textured p-type
Cz wafer of resistivity 1  cm. The lifetime measurements were carried out on the wafers after
firing them at 850°C in N + O, for 1s. The results of the lifetime measurements are shown in
Fig. 6.11(a). 7,rs for the both the samples were comparable with the SiO,N, - SiN,:H stack
showing marginally better 7. s for higher minority carrier density. This result is in stark contrast
with what was seen on n-type FZ wafers, as shown in Fig. 6.7(a). It maybe concluded from this

result, that the Cz wafers with two orders of magnitude higher oxygen concentration than FZ
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wafers and is less sensitive to bulk lifetime degradation due to oxygen diffusion from the plasma
grown SiO,N, layer. The same fact was once again ascertained by repeating the experiment on
a 100 Q/0J emitter diffused on a p-type FZ wafer of resistivity 1 Q cm. A significant decrease in
T.ry was observed for the SiO;N,, - SiN,:H stacks, as shown in Fig. 6.11(b), despite showing an
improved short wavelength response on solar cells. Hence, the sharp fall in 7, 7 is contemplated
to be the result of a degradation in bulk lifetime of the wafer. The degradation in bulk lifetime

is found to more severe in FZ wafers than in Cz wafers.

6.1.5 Conclusion

In this section, a capacitive coupled PECVD based process for the low temperature growth of
silicon oxy-nitride films in nitrous oxide plasma ambient was discussed. For thinner plasma
grown films, interstitial oxygen was seen to be trapped within the silicon, which was consumed
as the films grew thicker. Stacks of SiO,N, - SiN,:H with lower SiO.N,, thickness was found
to yield a 7.y of 347 us which was at par with what was previously reported for various low
temperature grown silicon oxide films. T.rr was seen to have a strong correlation to D; and
Qo at the interface. On firing, transport of oxygen across the interface into silicon was seen
to result in a significant degradation in 7.sr, possibly due to degradation in Tp,;. However,
on silicon solar cells, the better interface properties for the SiO,Ny, - SiN,:H stack resulted in
an improved quantum efficiency for the short wavelength range, indicating an improvement in

emitter surface passivation quality.

6.2 Plasma oxidation in Ar + N,O ambient for silicon surface
passivation

Plasma oxidation in N, O ambient and its application on silicon solar cells were discussed exten-
sively in the previous section. The solar cells exhibited an improvement in the short wavelength
response leading to a marginal increase in Js., while the V. remained the same. The degrada-
tion in the bulk lifetime owing to oxygen diffusion during the firing process maybe the reason
behind the lack of improvement in V.. Sekine et al. reported that, carrying out the oxidation
process in Ar + O, and Kr + O, ambient resulted in an increase in oxidation rate and also re-

sulted in an improvement in Si - Si0, interface quality [14]. In this section, the use of Ar in the
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plasma oxidation process to improve the surface passivation in silicon solar cells is discussed.
The variation in plasma composition, film composition and its impact of solar cell performance
is discussed in detail. Efficacy of the Ar + N>O plasma oxidation process for ¢ - Si solar cell

passivation is compared with that of a furnace grown low temperature silicon oxide film.

6.2.1 Experimental setup

RCA cleaned, p-type, polished Cz <100> Si wafers with resistivity of 4 - 7 Q cm was chosen
as the substrate for the experiments. Thin silicon oxy-nitride films were grown in Ar + N;O
ambient in a capacitively coupled plasma system. The ratio of N,O:Ar was maintained at 1:9.
The chamber pressure of 1 Torr, and RF power of 10 W was used for the experiments. The
plasma exposure duration was varied from 5, 10, 20 and 40 mins, leading to films of different
thickness. The thickness of the films were measured using spectroscopic ellipsometer. Plasma
characterisation was carried out using an optical emission spectrometer. The film composition
studies were carried out using FTIR in absorbance mode, with a resolution of 4 cm~! and X-ray
photoelectron spectroscopy (XPS). Silicon nitride (SiN,:H) film of ~80 nm was deposited on
the silicon oxy-nitride film using PECVD. Crystalline silicon solar cells were fabricated on as
cut 125 mm x 125 mm, p-type Cz <100> wafers with 1 - 3 © cm resistivity. Following saw
damage removal, texturization and RCA cleaning, the wafers were loaded into a phosphorus
diffusion furnace for emitter formation. After the junction isolation process and PSG removal,
stacks of plasma grown oxy-nitride - silicon nitride films were used as the anti-reflective coating
and emitter surface passivation layer. Screen printed silver was used as the front contact while
screen printed Aluminium was used as the rear contact, and was fired at 850°C in a rapid thermal
annealing chamber in N, + O, ambient. The quantum efficiency of the solar cell was measured
to study the effect of plasma grown silicon oxy-nitride films on the emitter surface passivation
quality. Solar cell IV measurement was carried out in a class AAA solar simulator under AM

1.5G spectrum.

6.2.2 Plasma characterisation using optical emission spectroscopy

OES spectra indicating the oxygen related plasma species for NoO and Ar + N,O plasma is
shown in Fig. 6.12. The peaks at 777 nm were seen to be similar for both the plasma ambients.

However, a small increase in the oxygen peak intensity at 844 nm was observed for Ar + N,O
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Fig. 6.12: Comparison of OES spectra for N»O and Ar + N,O plasma at (a) 777 nm (b) 844 nm.

plasma ambient. From previous experiments, it was observed that an increase in oxygen content
within the plasma was seen to result in an increase in growth rate. The increasing oxygen
content in the plasma can also alter the physical composition of the film. The results of the film

composition studies as well as ellipsometry results are discussed in detail in the section below.

6.2.3 Physical characterisation of plasma grown film
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Fig. 6.13: (a) FTIR spectrum and (b) ellipsometry data comparing films grown in N,O and Ar
+ N> O ambient for 5 min.

Fig. 6.13(a) compares the FTIR spectrum for two films grown in N,O and Ar + N,O ambient
for 5 min. From the FTIR spectrum shown in Fig. 6.13(a), it can be observed that the area under

the interstitial peak centred at 1105 cm™! was lower for films grown in Ar + N,O ambient as
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compared to films grown in N,O ambient. From elliposmetry results presented in Fig. 6.13(b),
it can been seen that a marginally higher film thickness was obtained for oxidation carried out
in Ar + N> O as compared to oxidation in N,O ambient. The growth rate was found to be higher
for shorter duration, and was found to come down for longer oxidation times. The reduction
in oxidation rate with increasing thickness may point out to a diffusion limited oxide growth
mechanism as was reported by Choi et al. [79]. The enhanced oxidation rate in presence of an
inert gas was found to be in agreement with what was reported previously by Sekine et al. [14].
The increased oxidation rate was explained on the basis of the energy of ionized inert gas with
that of ionized oxygen. O'D + O!D radicals are generated in an oxygen plasma and is the highly
reactive state of oxygen and can lead to bond forming reactions. The first metastable state of
Ar* is at 11.6 eV and can result in O> * species and O'D + O!D species. However, Kaspar
et al. reported that O'D species lead to an enhanced oxidation, only for thickness of ~ 2 nm.
Beyond that, continuous exposure to O'D radicals did not yield thicker oxides. The enhanced
oxidation in inert gas require other reactive species which would contribute to the diffusion of

reactive species into the oxide [81].
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Fig. 6.14: (a) O/Si ratio for various oxidation times in N>,O and Ar + N;O ambient (b) Si2p
spectrum for N;O and Ar + N;O oxidation for 40 min, inset shows N1s spectrum.

The chemical composition of the film was analysed further using XPS measurements. It
was observed that oxygen to silicon ratio of 2.0 was obtained for films grown in Ar + N,O for
40 min as compared to the 2.54 obtained for films grown in N,O ambient for 40 min. The film
was seen to move towards stoichiometry when a mixture of Ar + N,O was used for the process.

Additionally, the nitrogen content also increased from 2.6% for N,O sample to 4.9% for the Ar
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+ N0 sample. From XPS measurements, it was observed that the film went from an O-rich
state (2.58) to a stoichiometric state (2.0), as the oxidation time was increase from 5 min to 40
min. In comparison, the films grown in N,O ambient, the stoichiometry changed from a Si-rich
state to a O-rich state with increasing oxidation time. The same is illustrated in Fig. 6.14(a).
The N1s spectrum showing the nitrogen content in the film is shown in inset of Fig. 6.14(b).
Compared to N>O based oxidation, films grown in Ar + N,O ambient was found to result in
higher nitrogen incorporation. Thus the growth of a film in an Ar + N;O ambient resulted in

the following advantages:

e The interstitial oxygen content trapped in silicon as a result of the plasma oxidation pro-

cess came down as was seen from FTIR measurements.

e Oxygen to silicon ratio of 2.0 was obtained for films grown in Ar + N>O for 40 min as

compared to the 2.54 obtained for films grown in N,O ambient for 40 min.

6.2.4 Solar cell results and discussion

In this section, the performance of the solar cells fabricated with the silicon nitride as the front
surface passivation layer (baseline) is compared with solar cells having stack of silicon oxy-
nitride/silicon nitride as the front surface passivation layer. Silicon oxy-nitride films are grown
for 10 min in Ar + N,O ambient at 380°C. RF power was 10 W during the film growth, and
chamber pressure was 1000 mTorr. As can be seen from Table 6.2, in comparison to the baseline
solar cell, an improvement in V,. was observed for the sample whose emitter was passivated
by the SiO,N, - SiN,:H stack. Compared to the data discussed in Table. 6.1, the solar cells
discussed here shows a marginal improvement in V. as well as J;.. Yet another point worth
noting is the that the Ry, values for both the samples were comparable. Further, the lower Ry
for the solar cell passivated with SiONy, - SiN,:H stack resulted in an improvement in FF and
cell efficiency. However, the variation in Ry maybe due to process variations in contact printing

and firing.

Table 6.2: Solar cell characteristics comparing Ar + N;O oxidation (10 min) with baseline
silicon nitride.

| Cell Label | V,e(mV) | Ji«(mA/cm?) | FF(%) | (%) | Ry(Q cm?) | Ry (Q cm?) |
Baseline 608 33.59 744 [15.20 1.10 702
10 min 611 33.68 75.1 | 15.50 0.98 784
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Fig. 6.15: (a) [lluminated IV and (b) internal quantum efficiency for solar cells fabricated with
SiO;Ny, - SiN,:H.

Fig. 6.15 shows the illuminated IV and internal quantum efficiency of the solar cells. An
improvement in IQE was observed for the solar cell passivated with the stack. An improve-
ment was seen in the short wavelength regime, which maybe attributed to the improvement in
emitter passivation quality. However, the improvement in IQE in the mid-wavelength region is
due to the higher Ry, observed for the solar cells passivated with the SiO(N,, - SiN,:H stack.
Solar cell efficiency was seen to improve by 0.3% when SiO.N,, - SiN,:H stack was used for
emitter surface passivation. The improvement in V,. maybe attributed to an improvement in
surface passivation quality. In order to confirm the improvement in emitter passivation quality,
T.fs measurements were carried out on test structures made on p-type Cz wafers. Phosphorus
diffusion was carried out on both sides of a textured p-type Cz wafer, and the passivation layers
were deposited on either side of the wafer. Fig. 6.16 summarises the results of the lifetime
measurement. In the as deposited state, SiN,:H and SiON, - SiN,:H stack had comparable
effective lifetimes. However, upon firing the samples at 850°C in N, + O, ambient, a higher
T.rf was observed for the SiO;Ny, - SiN,,:H stack as compared to the SiN,:H film, indicating an

improvement in emitter passivation quality.

Table 6.3: Solar cell characteristics comparing Ar + N;O oxidation (20 min) with baseline
silicon nitride.

Cell Label | V,.(mV) | Ii(mA/em?) | FR(%) | (%) | Ry(Q cm?) | Rgy(Q cm?) |
Baseline 611 33.03 754 [ 1520 0.962 867
20 min 614 33.42 754 | 1550 | 0915 2944

The repeatability of the Ar + N, O oxidation process in enhancing the V. was further inves-
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Fig. 6.16: Lifetime measurement on double side P-diffused p-type Cz wafers, before and after
firing. Inset shows the test structure used for the measurement.

tigated, by increasing the oxidation time to 20 min. The results of this experiment is summarised
in Table. 6.3. Here again, an increase in V,,. was observed compared to the reference solar cell.
In addition to the V,. improvement, a significant enhancement in Ry, was also observed. The
quantum of improvement in Ry, was significantly more than what was observed for the case of a
10 min plasma oxidation. Thus it maybe concluded that a longer plasma oxidation process may
improve the Ry, as well as result in a larger improvement in V.. To ascertain this hypothesis,
solar cells were fabricated with their emitters passivated by a stack of SiO.N, - SiN,:H. The
SiO,N, film was grown in Ar + N, O for 40 min. The results of this experiment is discussed in

detail in the next section.

6.2.5 Conclusion

Silicon oxy-nitride films were grown in N,O + Ar ambient. Similar to the case of N,O based
plasma oxidation, FTIR measurements indicated a decrease in interstitial oxygen content for
increasing film thickness. O/Si ratio of the plasma grown film was found to approach 2.0 for
an oxidation duration of 40 min. Improved c - Si solar cell performance was seen for solar
cells with the stack of SiO.N, - SiN,:H as the surface passivation layer. The improvement
was observed in V. and was attributed to an improvement in emitter surface passivation. An
improvement in Ry, was also observed when SiON, - SiN,:H stacks were used for emitter
surface passivation. Compared to solar cells fabricated using plasma oxides grown in N;O

ambient (without Ar), the following observations can be made.

99



e An improvement in Ry, was observed for plasma oxides grown in Ar + N,O ambient,
possibly due to the lower amount of trapped interstitial oxygen as was seen from the

FTIR spectrum.

e An improvement in V,. was observed in case of Ar + N,O based plasma oxidation as

compared to the improvement in J;. observed in case of N>O based plasma oxidation.

Therefore, plasma oxidation process based on Ar + N,O ambient may be well suited for appli-
cation in emitter passivation in case of ¢ - Si solar cells. In the next section, SiONy, - SiN,:H
stacks based on 40 min plasma oxidation is benchmarked against a low temperature furnace

oxidation process for emitter surface passivation.

6.3 Benchmarking plasma oxidation against thermal oxida-

tion at 600 °C

As discussed in the previous section, it was seen that, by using a plasma oxidation process based
on Ar + N,O for emitter surface passivation, resulted in a marginal improvement in solar cell
performance. A higher V,. and a higher Ry, were observed for solar cells when the emitter
was passivated with SiO,Ny, - SiN,:H stacks. It was seen that for a longer plasma oxidation
duration, better Ry;, was obtained. This section compares the emitter surface passivation quality
of a plasma oxidation process in Ar + N>O ambient at 380°C with a thermal oxidation process at
600°C. The films are capped with silicon nitride and is used as emitter surface passivation layer
in screen printed solar cells. The performance of the solar cells is compared and the potential
cause behind solar cell performance variation is also discussed in this section. The respective
oxidation processes were carried out for 40 min, and the same PECVD SiN,:H film was used

for capping.

6.3.1 Experiment details

As cut, 125 mm x 125 mm, p-type Cz <100> wafers with 1 - 3 Q cm resistivity were used as
starting material. Following saw damage removal, texturization and RCA cleaning, the wafers
were loaded into a phosphorus diffusion furnace. Following diffusion and PSG removal, the

samples were taken for plasma oxidation process and the thermal oxidation process respectively.
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Plasma oxidation process was carried out in Ar + N>O ambient for 40 min. An RF power of
10 W was used for the process. Chamber temperature and pressure was maintained at 380°C
and 1000 mTorr respectively during the process. The thermal oxidation was carried out in
N, + O (2 : 3) ambient in a furnace maintained at 600 °C for 40 min. 600 °C was chosen
so as to minimize the impact on the phosphorus diffusion profile during the oxidation step.
Following the oxidation process, edge isolation process was carried out. The wafers were then
capped with SiN,:H film in a PECVD. Screen printed Ag and Al were used as top and bottom
contacts, and were fired in a RTA at 850°C. The solar cell IV was measured in a class AAA
solar simulator under AM 1.5G spectrum. The detailed process flow is shown in Fig. 6.17. More
details of the process flow are described in Appendix B. A modification is made to the process
flow as compared to previous experiments. The edge isolation step is carried out after the
thermal/plasma oxidation process prior to silicon nitride deposition. Suns - Voc measurements
were carried out on finished solar cells to extract the pseudo fill factor (pFF), ideality factor (n)
and emitter saturation currents, Jo (Jo1, Jo2) at AM 1.5, 1 sun illumination.
Diffusion & PSG Thermal Oxidation at

SDR, Texture & RCA 600°C or Plasma
removal o
Oxidation

Front & back Edge Isolation & SiN
contact printing PECVD

Firing at 850°C

Fig. 6.17: Process flow used for solar cell fabrication.

6.3.2 Physical characterisation of thermally grown film

XPS measurements were carried out on the thermally grown SiO, film. The spectrum of this
film was compared with that of a film grown in Ar + N>O plasma ambient for 40 min. The
results are shown in Fig. 6.18. Two distinct peaks corresponding to the Si - Si signal coming
from the substrate as well as signals corresponding to Si - O - Si bonds can be seen at binding
energies of 97.5 eV and 101.8 eV respectively. However, as the thickness of the film increases,
the XPS signal from the substrate becomes weaker. The lower intensity of the Si - Si signal

corresponding to the substrate observed for the plasma grown film indicates that the thickness
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Fig. 6.18: Si2p spectrum for thermal and plasma grown films.

of the thermal grown film is significantly lower as compared to the plasma grown film. XPS
measurement, confirms that a thin oxide film was grown as a result of annealing the sample at
600°C in the furnace in N, + O, ambient. N1s spectrum for the corresponding film did not show
any signal corresponding to nitrogen, indicating the absence of nitrogen within the thermally

grown film.

6.3.3 Solar cell results and discussion

The illuminated IV characteristics of the solar cells are summarised in Table 6.4. As can be
seen, the best V,. was obtained for the solar cell based on thermal oxide. V,, for the plasma
oxidised sample was 1 mV less than the thermal oxide sample, indicating that it can offer
equivalent level of surface passivation as compared to the thermal oxide film grown at 600 °C.
The samples grown with the plasma oxide was found to have a higher shunt resistance. The
higher Ry;, and lower R for the solar cell based on plasma oxidised sample, resulted in a higher
fill factor, thereby pushing the efficiency beyond the thermal oxide sample. Similar to what was
observed for other solar cells passivated with SiO;Ny, - SiN, :H stack, a higher J;. was observed
for the plasma oxide sample.

The IV characteristics of the fabricated solar cells are shown in Fig. 6.19(a). Higher current
and better fill factor can be seen for the solar cells with an emitter surface passivation based
on plasma grown SiO,N, - SiN,:H stack. The internal quantum efficiency for the cells are

compared in Fig. 6.19(b). Solar cells passivated (front) with plasma grown SiO.N,, - SiN,:H
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Table 6.4: Solar cell characteristics comparing plasma grown SiO,N,, film with that of thermally
grown SiO, film.

| CellLabel | Voe(mV) | Je(mA/em?) | FE(%) | 1(%) | Ro(Q cm?) | Ry, (Q cm?) |

Baseline 611 33.03 78.4 | 15.80 0.494 780
Thermal (CT) 617 33.17 78.8 | 16.20 0.452 867
Plasma (CP) 616 33.66 79.1 | 16.40 0.439 4727
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Fig. 6.19: (a) [lluminated IV and (b) IQE and reflectance curves, comparing the passivation
quality of plasma grown SiO.N, film with that of thermally grown SiO, film. The films are
capped with baseline silicon nitride film. IQE, R for baseline SiN film is also shown in figure.
The lower IQE for the mid wavelengths (450 - 900 nm) observed for two samples, is possibly
due to the lower Ry;. An improvement in short wavelength response can be seen for plasma
grown SiO.N;, film film as well thermally grown SiO, film.

stack demonstrated an improved internal quantum efficiency in the short wavelength (300 - 400
nm) region compared to solar cells passivated with thermally grown SiO, - SiN,:H stack. The
better short wavelength response is representative of an improvement in the emitter passivation
quality. The improved short wavelength response have resulted in a better current for the solar
cells passivated with the plasma grown SiONy - SiN,:H stack. The lower IQE in the mid
wavelength regime (450 - 900 nm) can be due to the lower R, for the cells passivated with the
thermally grown SiO,N, - SiN,:H stack and baseline SiN,:H film. Suns - V,. measurements

were used to further analyse the solar cells. The results are summarised in Table. 6.5

Table 6.5: Suns - V. data comparing solar cells based on plasma and thermal oxidation.

| Cell Label | Ry(Q cm?) | pFE(%) | pn(%) | n(1 sun) | Joi(A/em?) | Joo(Alem?) |
Thermal (CT) | 2037 80.7 | 1640 | 1.02 | 1.0x10° "> | 3.0x107®
Plasma (CP) 4042 821 | 1660 | 098 | 14x10°"* | 1.2x10°%
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From Suns - V,. data, it can be seen that cell - CT have a lower Jg; value compared to
that of cell - CP, indicating better post processing lifetime for the solar cell passivated with
Si0,/SiN,:H layer. However, the trend was reversed in case of Jy,, wherein cell - CP showed a
lower value compared to cell - CT, indicating a reduction in recombination. However it is also
possible that the higher J(; for cell - CT may also be the result of non idealities brought about by
the presence of localized shunts present in cell - CT. This improvement in Jo; maybe attributed
to an improvement in the bulk lifetime, potentially due to phosphorus induced gettering [137].
Thus from EQE and Suns - V. data, it can be concluded that the improvement in V. for solar
cells passivated with thermal SiO, based stack maybe the result of an improvement in bulk
lifetime, where as the improvement in V. for the plasma grown SiO.N, based stack maybe
due to an improvement in emitter surface passivation.

The increase in V. observed for the plasma grown SiO.N, - SiN,:H stack was observed
across different batches of solar cells. As the baseline process improved further, a 5 mV im-
provement in V,. was still observed for solar cells passivated with the SiON,, - SiN,:H stack.
In one of the batches, a texture additive was used during the texturization process, which im-
proved the V. of the baseline (reference cell) to 614 mV. The corresponding V. for the cell
with SiO.N,, - SiN,:H stack was 619 mV. The same is represented in Fig. 6.20, thereby con-

firming the repeatability of the process.

620

6184 Texture additive

(mV)

Texture additive

Measured V

SiN Stack

Fig. 6.20: Improvement in V. for the stack across different solar cell batches.
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Loss analysis of the solar cell with 16.4% efficiency

A detailed loss analysis of the 16.4% efficient solar cell was carried out using the technique
described by Aberle et al. [138]. The solar cells reported in [138] had a V,. of 624.4 mV, J,
of 37 mA/cm?, FF of 78.6% and 1 of 18.1%. The results of the loss analysis carried out on the
16.4% efficient solar cell is summarised in Fig. 6.21. The major part of the loss was constituted
by non perfect IQE, contributing 49% of the total loss compared to the 36% reported by Aberle
et al. [138]. Non - perfect IQE is the result of the recombination losses on the front, rear and
bulk of the silicon solar cell. Improving the emitter doping profile, and the quality of the surface
passivation layer, the blue response of the solar cell can be improved. The next major component
of the loss is constituted by metal shading and forward bias current at maximum power point
(MPP). Lowering the contact dimensions can significantly improve the performance of the solar

cell.

Loss Analysis

Metal Shading

Active area reflectance
Front surface escape
Series resistance
Shunt resistance

Non perfect IQE
Forward bias current at MPP

Fig. 6.21: Loss analysis carried out on the 16.4% solar cell. Non perfect IQE is seen to
contribute close to 50% of the total loss in the solar cell under investigation.

As seen from the loss analysis, one of the key reasons for the poor performance of the solar
cell is non perfect IQE of the solar cell. One of the possible reason is the presence of a dead
layer in the emitter used for the fabrication of the solar cell. The solar cells discussed through
out this thesis, have used a heavily doped emitter with a sheet resistance of 45 Q/[] compared to
the 70 Q/UJ sheet resistance reported in [138]. SIMS profiles for these emitters have indicated
the presence of a dead layer, which can contribute significantly to emitter recombination [139].

Hence, the effect of an improved surface passivation may not be evident for such heavily doped
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emitters. The contribution of surface recombination to the net emitter saturation current for two
different emitters is shown in Fig. 6.22. Fig. 6.22 indicates the results of a simulation carried out
using EDNA 2 simulator, available online on PVlighthouse.com. The simulation had assumed
a p-type wafer with a resistivity of 1  cm. The phosphorus emitter doping profiles were loaded
from the previous SIMS results. The results of the simulation presents a qualitative picture on
the impact of surface SRH on the net recombination/saturation current. The net emitter satura-
tion current density indicated in Fig. 6.22 is the sum of recombination currents which includes
Auger recombination, SRH recombination in bulk, radiative recombination and surface SRH
recombination. In Fig. 6.22, only the components from surface and Auger recombination are
indicated as the other two components were significantly lower. For heavily doped emitters,
the impact of surface SRH recombination on the net emitter saturation current density is neg-
ligible, whereas Auger recombination within the emitter is seen to significantly dominate the
emitter saturation current density. The scenario is reversed in case of lightly doped emitters.
The contribution of surface recombination to net J, is significantly higher, while Auger recom-
bination component dominates only for very low values of surface recombination velocities.
The simulation gives a qualitative picture on the impact of the emitter doping profile on the
effective surface recombination properties. The absolute values of Jy, measured in our samples

are significantly higher than what was seen from the simulations.
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Fig. 6.22: Impact of surface SRH on different emitter sheet resistances (a) 55 /L] (b) 100 Q/L.

Looking ahead to the future, the improvement in emitter doping profile can bring about a
significant improvement in the blue response of the solar cell. Etching a part of the emitter in

isotropic etchants like HNA (HF + HNO3 + CH3COOH) is one of the possible options that may
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be used to remove the dead layer present in the solar cells. Careful process development maybe
needed before the process is implemented into the solar cell fabrication process. Reducing the
contact area can also potentially improve the solar cell performance by further lowering the
shadow losses resulting in an improvement in Jg.. The reduction in contact area can also bring

about an improvement in the open circuit voltage thereby boosting the cell performance further.

6.3.4 Conclusion

A solar cell fabricated with a thermally grown oxide - SiN,:H stack was found to have an equiv-
alent performance as that of a solar cell fabricated with a plasma grown SiO,N,, - SiN,:H stack.
However higher R, was observed for the the plasma grown SiO.Ny, - SiN,:H stack. The ad-
vantage of the plasma process comes in from the low temperature of processing as compared
to the thermally grown oxide. The performance improvement observed for the plasma grown
SiO,N, - SiN,:H stack was confirmed by fabricating solar cells across three different batches.
Loss analysis carried out on solar cells indicated that the non perfect IQE was the major con-
tributor to the loss in the solar cell. The presence of dead layer was concluded as one of the
major causes behind the poor blue response of the solar cells. Dead layer removal as well as
higher sheet resistance emitters are stated as potential options for improving the blue response.
Lowering the shadowing losses due to the metal contacts can also result in an improvement in
Jse, and is also suggested as a scheme for further performance improvement. Another problem
area for the solar cells reported in this thesis was the lower R, for the baseline (reference) so-
lar cells. The next section discusses the optimisation of the front surface passivation and ARC
layer for further enhancement in cell performance. The section includes a detailed discussion
on some of the potential causes for the shunt formation in the solar cells discussed so far in this
thesis. Some of the methods attempted towards the mitigation of shunts is also discussed in the

next section.

6.4 Optimisation of the front surface passivation and ARC
layers

From the loss analysis discussion in the previous section, it was seen that a non perfect IQE

contributed to 49% of the loss in the solar cell described so far in this thesis. Compared to the
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solar cells discussed so far in this thesis, industrial silicon solar cells have a higher V,. and
higher shunt resistance. This section discusses the further process optimisation of the silicon
nitride front surface passivation layer in order to improve the shunt resistance as well as the V..

Shunts in silicon solar cells can be the result of a wide range of reasons starting from a mate-
rial defect to a process induced defect or crack on a wafer. Breitenstein et al. broadly classifies
the the potential causes for shunts in single crystalline silicon solar cells as (a) process induced
defects and (b) material induced shunts [140]. Process induced shunts include scratches, cracks
on wafers, presence of residual Al on the front surface, shunts along the wafer edge and over
firing of emitter contact, to name a few. Material induced shunts are mainly reported for multi
crystalline silicon wafers and these include highly recombinative bulk defects and grain bound-
aries, silicon nitride inclusions etc. [140]. Lock In Thermography (LIT) is typically used for
the investigation of localised shunts in solar cells [140]. However, due to the lack of availability
of LIT set up, an elimination approach based on process modification, was used to deduce the

potential cause of the shunts in the solar cells reported in this thesis.

6.4.1 Role of contact firing process

One of the primary suspect was the over firing of Ag through the junction at localised points
on bus bar and fingers. In order to investigate this aspect, crystalline silicon solar cells were
fabricated using screen printing technology. Silicon oxy-nitride films were grown in Ar + N,O
ambient for 5, 10 and 40 min on the emitter side of the wafer. Silicon oxy-nitride films were
capped with silicon nitride film which served as the anti-reflective coating. Screen printed Ag
and Al were used as the front and rear contact respectively. All the solar cells were fired at

850°C in N, ambient.

Table 6.6: Solar cell characteristics for varying Ar + N>O plasma oxidation duration.

Cell Label | Voe(mV) | Je(mA/em?) [ FR(%) | n(%) | R(Q cm?) | Ry,(Q em?) |

5 min 609 33.84 76.9 | 15.90 0.50 236
10 min 610 33.94 77.0 | 15.93 0.57 624
40 min 605 32.15 48.1 94 7.60 12000

From the solar cell characteristics listed in Table. 6.6, no significant variation between 5 and
10 min samples were seen apart from the marginal improvement in Ry;,. For the 40 min sample,
due to the thicker silicon oxy-nitride film, no proper contact could be made with silicon, result-

ing in a higher R. The performance of the sample was found to be below par as compared to
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Fig. 6.23: (a) Illuminated and (b) dark IV characteristics of solar cells fabricated with SiON, -
SiN,:H.

the other two samples which were properly contacted. Fig. 6.23(a) shows the illuminated IV
characteristics for the three devices. The shunt resistance of the solar cell was extracted from
the dark IV curve, shown in Fig. 6.23(b). In the reverse bias regime, the reverse saturation cur-
rent was found to decrease with longer oxidation times. The 40 min sample was seen to have a
shunt resistance, which was 20 times better than the other two samples. The reason for this im-
provement in shunt resistance could not be understood from the illuminated IV characteristics.
This improvement in reverse saturation current was seen to translate into a larger shunt resis-
tance. The genesis of the large leakage current in the reverse bias regime, has been attributed to
shunts within the solar cells. The sharp increase in the reverse saturation current, at low reverse
bias indicates the presence of defect levels, within the band gap of the p-n junction diode [141].
From our experiment, it maybe concluded that the contact firing process, seem to have played
a significant role in the formation of shunts. The shunts can be formed under the bus bars as
well as fingers present in the solar cell. It may thus be concluded that the shunts present in the
devices reported in this thesis so far, maybe brought about by the localised diffusion of silver
through the junction.

The effect of the shunts could be seen in the measured EQE plots for the solar cells as
well. The currents measured during external quantum efficiency measurement is small and
hence the impact of series resistance on external quantum efficiency is minimal. The localised
shunts within the device resulted in the variation in EQE across the devices, especially in the

mid wavelength region. Fig. 6.24(b) shows the variation in shunt resistance across the samples.

109



10
80+

;\? 60 —5min g

o —— 10 min S 10°

[} =40 min ";

w —o—Industrial x’

0 , ' r r 10° T r r .
400 600 800 1000 0 10 20 30 40
Wavelength (nm) Time (min)

(a) (b)

Fig. 6.24: (a) External quantum efficiency of solar cells fabricated with SiO,N, - SiN,:H for
varying oxidation durations (b) Improvement in Ry, for increasing oxidation time.

However, it maybe noted that the difference in Ry, between 5 and 10 min samples is low as
compared to what was observed for the 40 min. Despite the smaller variation in Ry, a change
in mid-wavelength EQE could be observed between these two samples. It may be thus con-
cluded from the EQE curve in Fig. 6.24(a), that higher the Ry, better the quantum efficiency
measurement. EQE for 40 min (under fired) sample is seen to be at par with the industrial solar
cell with cell efficiency in excess of 17%. The major impact of shunt resistance on the EQE is

observed in the mid wavelength ranges of the visible spectrum.

6.4.2 Role of silicon nitride deposition conditions
Impact of RF power on Ry,

During contact formation on the emitter surface, the silver along with the glass frit melts and
diffuses through the silicon nitride layer. At the Ag - Si interface a large number of crystallites
are formed [142]. The crystallite formation is dependent on the firing conditions, emitter doping
concentration and crystal orientation [143]. However, the diffusion process of the material
can be controlled by varying the thickness as well as the density of the silicon nitride layer.
Therefore, a denser silicon nitride film would lower the diffusion rate of Ag through the nitride,
and this in turn has the potential to lower the shunts formed during contact firing in silicon
solar cells. In order to test this hypothesis, the following experiment was carried out. Screen
printed silicon solar cells with two different silicon nitride layers were fabricated. The solar

cells differed in that the silicon nitride passivation layer was deposited at 20 W and 100 W
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respectively on these cells. The deposition time was modified to ensure that both the solar cells
had comparable thickness of ARC layer. The characteristics of the solar cells are summarised

in Table 6.7.

Table 6.7: Solar cell characteristics for different plasma deposition power.

Cell Label | Voe(mV) | Je(mA/em?) [ FR(%) | n(%) | R(Q cm?) | Ry, (Q em?) |
20 W 611 33.03 784 [1580] 049 780
100 W 600 32.22 789 [ 1520 046 6782

A significant improvement in Ry, was observed when the RF power used for deposition
was raised from 20 to 100 W. Higher RF power would imply more energetic collisions and
hence higher density for silicon nitride films. However, the downside was the decrease in V.
brought about by the increased plasma damage on the silicon surface during SiN deposition.
Fig. 6.25(a) shows the dark IV curve for the two solar cells. Lower J;,,« is observed in the
reverse bias region for the 100 W sample, confirming the increase in shunt resistance. In the
forward bias regime, the current for the 20 W sample was dominated by the leakage currents
through the shunts. Fig. 6.25(b) shows a decreased external quantum efficiency on the emitter
side for the 100 W sample, due to the higher plasma damage during deposition of the silicon

nitride film.
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Fig. 6.25: (a) Dark IV and (b) external quantum efficiency for solar cells fabricated with two

different silicon nitride films.

Higher plasma powers lead to a decrease in shunt resistance, but resulted in significant
loss in V,. due to the plasma damage on the Si surface. In order to mitigate the issue of

plasma damage, the silicon nitride deposition was split into two steps. The first deposition was
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carried out at 20 W power, followed by deposition at higher power. The hypothesis behind
this experiment was that the bottom layer will act as a shield against plasma damage incurred
during the high power deposition. Fig. 6.26 shows the illuminated and dark IV characteristics
of solar cells fabricated using these bilayer silicon nitride films. 20 W represents the reference
sample, while 50 W and 100 W represents the RF power used for depositing the capping layer.
As expected, the shunt in the solar cells came down for higher plasma deposition conditions.
The results are similar to what was shown in Fig. 6.25(a), with the higher power deposition
showing a significantly higher shunt resistance. The splitting up of the deposition into two
steps also lowered the plasma damage resulting in a similar V. for all the samples, as shown
in Table. 6.8. Thus it maybe concluded that densifying the silicon nitride film may result in a

significant improvement in Rg,.

Table 6.8: Solar cell characteristics for different plasma deposition power for the capping silicon
nitride layer.

Cell Label | V,.(mV) | Ii(mA/cm?) | FR(%) | (%) | Ry(Q cm?) | Rgy(Q cm?) |

20 W 619 33.22 79.2 | 16.30 0.490 1695
50 W 619 32.43 78.8 | 15.80 0.500 2000
100 W 621 32.36 79.60 | 16.00 0.488 3466
40
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Fig. 6.26: (a) [lluminated and (b) dark IV characteristics for solar cells fabricated with different
silicon nitride films.
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6.4.3 Thermally grown SiO, films - bilayer silicon nitride films for im-

proved front surface passivation

Based on the discussions in the previous section, it maybe concluded that, using a denser silicon
nitride film resulted in a significant improvement in Ry,. However, high power deposition results
in significant plasma damage, resulting in a loss in V,.. A two step deposition process was
proposed in order to eliminate the loss in V,., by mitigating the plasma damage. Using this
approach, a bilayer silicon nitride film was developed, in order to improve the Ry;,. The recipe

details are given below:

e Bottom layer: SiHy: N3 :: 20 sccm : 980 sccm, NH3 = 20 sccm, Ar = 40 sccm, Hy =5
sccm, 220 s, 380°C, 650 mTorr, 20 W.

e Capping layer: SiHy: Nj :: 18 sccm : 980 scem, NH3 = 20 scem, Ar = 40 scem, Hy =5
sccm, 50 s, 380°C, 1000 mTorr, 100 W.

As shown in Fig. 6.20, further improvements in texturization process was found to improve
the V. of the baseline process by almost 3 - 4 mV. Further, a thermal oxidation of the diffused
silicon wafer at 600°C in N, + O, ambient also resulted in an improvement in V,., as was
discussed in section 6.3. Therefore by combining these two schemes a significant improvement
in V,. maybe obtained.

Based on the above hypothesis, an experiment was designed, wherein the cell fabrication
process included the three schemes (one for Ry, improvement, two for V. improvement) dis-
cussed in this section. The process flow used for the fabrication of the solar cell remained same
as the one described in Fig. 6.17. Following SDR and texturization the samples were loaded into
a furnace for phosphorus diffusion. The sheet resistance of the samples after the phosphorus
diffusion process was ~ 65 Q/[]. Following PSG removal, samples were loaded into a furnace.
The samples were oxidised in N, + O, ambient at 600°C for 1 hour. This was followed by edge
isolation and deposition of the silicon nitride layer. Two different silicon nitride films were
deposited. On one sample, the baseline silicon nitride recipe was used and on the other sample,
the new bilayer silicon nitride film was used. Subsequently, front and rear contacts were screen
printed and cofired in a RTP chamber at 850°C, in N, + O, ambient.

The results of the solar cell characterisation are indicated in Fig. 6.27. V. for the samples

were found to increase significantly to ~ 625 mV. As expected, a significantly higher Ry, was
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observed for the solar cell fabricated with the new silicon nitride recipe. A higher Ry was seen
for both the solar cells, thereby lowering the FF and hence the efficiency. Further, the new SiN
film also resulted in an improvement in Js.. IQE and reflectance curves for both the solar cells

are shown in Fig. 6.27(b).
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Fig. 6.27: (a) llluminated IV characteristics for solar cells fabricated with two different silicon
nitride films. A higher Ry, and Js. was observed for the new SiN film (b) IQE curves indicating
a better passivation quality for the newly developed SiN film as compared to the baseline silicon
nitride film.

6.4.4 Conclusion

Shunt formation in ¢ - Si solar cells was found have a strong dependence on the nature of
the silicon nitride film used as the anti-reflective coating. The lower Ry, value resulted in a
loss of fill factor and hence solar cell performance. Additionally, it also resulted in inaccurate
measurement of EQE, making data interpretation and analysis difficult. Ry, was improved for
the solar cell by using a bilayer silicon nitride film, resulting in Ry, values as high as 20666 Q
cm?. By incorporating a modified texturization process and a low temperature thermal oxidation

step at 600°C, V. as high as 625 mV was obtained.

6.5 Conclusions

The chapter discussed in detail about the integration of plasma oxidation process into the silicon
solar cell process flow. Plasma oxidation in N,O ambient was found to result in an improve-

ment in blue response of the solar cell, but resulted in a lower Ry,. Ry, was however seen to
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improve for longer plasma exposure duration possibly due to a decrease in interstitial oxygen
content for longer plasma exposure. The improved blue response however resulted in a marginal
improvement in Jg of the solar cells fabricated with the SiO,N, - SiN,:H stack as the emitter
passivation layer. The improvement in blue response was attributed to the lower plasma damage
on the wafer surface during silicon nitride deposition. However, a decrease in Tj,;; potentially
due to interstitial oxygen was observed for both FZ and Cz wafers. The degradation in 7y, was
more severe on FZ wafers than on P-doped Cz wafers. Upon addition of argon into the oxidation
process,the improvement in blue response of the quantum efficiency resulted in an improvement
in V,. and Ry, was observed. The improvement in emitter passivation for Ar + N,O oxidation
was further confirmed by 7, s measurements. A sharp increase in Ry, was observed for longer
duration of growth in Ar + N,O plasma ambient.

Compared to a thermal oxidation process carried out 600°C, plasma oxidation process re-
sulted in similar V,. improvement for a given baseline process. However, at the high tem-
peratures of growth of thermal oxides (800 - 1100 °C), the emitter doping profiles can also
be modified leading to a loss of one to one correlation. Hence, a careful design of experiment
maybe required to compare the plasma oxide with thermal oxides grown at higher temperatures.

The localised shunts in the solar cells discussed in the thesis, was found to have a strong
dependence on the contact firing process as well as the silicon nitride deposition condition.
Carrying out the silicon nitride deposition at a higher plasma power was found to bring down the
shunts but resulted in a V. loss due to plasma damage on the emitter surface. A two step silicon
nitride deposition process was found to minimise the impact of plasma damage on the emitter
surface. Higher Ry, was obtained for solar cells passivated with these silicon nitride films.
No loss in V,. was observed, indicating that the emitter surface passivation quality remained

unaffected.
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Chapter 7

Impact of post deposition plasma
treatment on surface passivation

properties of silicon nitride films

7.1 Motivation

Hydrogenated silicon nitride films have been widely used as an anti-reflective coating (ARC)
and a front surface passivation layer in c¢ - Si solar cells. Silicon nitride (SiN,:H) deposited
using PECVD is known to yield very good surface passivation on low doped n-type and p-type

wafers, as well as on n™

emitters [S1]. Replacing silver with copper for emitter contact metalli-
sation is foreseen for industrial silicon solar cell technology [3]. Electroplating or light induced
plating are leading candidates for deposition of copper. Compared to the existing screen printed
Ag based metallisation processes for solar cells, not only is Cu cheaper, but also offers some
other advantages. By using electroplated Ni - Cu contacts the aspect ratio of the front sur-
face metal contact can be improved. This can reduce the metal shadowing losses and thereby
improve the J;. [144]. It is also reported that Ni - Cu contacts make a low contact resistivity
with silicon, compared to screen printed Ag [144]. However, the low density of the PECVD
silicon nitride films make it susceptible to the formation of pin holes [5]. Presence of for-
eign particles and scratches on the wafer surface can also further enhance the formation of pin
holes in case of PECVD silicon nitride [5]. Pin holes in silicon nitride can act as nucleation

centres during metal deposition process via suitable plating process. This undesired plating,

referred to as background plating, can lead to additional recombination losses degrading solar
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cell performance. Efforts to reduce background plating have focused on modifying the silicon
nitride layer by altering the PECVD deposition conditions [16, 145] or by introducing various
treatment steps on the silicon nitride. One such treatment step involves exposing the PECVD
SiN,:H film to an oxidising ambient. The oxidation of silicon under the pin holes is reported to
bring about a reduction in background plating [17]. Also, stacks of SiO; - SiN [6], SiO,(C) -
SiN [146] have been used to reduce background plating. Inert gas plasma treatment of silicon
nitride films is known to result in its densification, thereby lowering the pin hole density. An
argon plasma treatment of silicon nitride films is known to lower pin hole density [147] and also
improves moisture resistance in case of hot wire CVD silicon nitride films [148]. Therefore by
treating a silicon nitride film in an inert gas + oxidising plasma ambient, not only can the SiN
film be densified but also oxidise the silicon surface exposed under the pin holes. We have
recently demonstrated a significant reduction in background plating using this approach [19].
The fill factor of the cells with post plasma treatment of the nitride was seen to improve over the
case where no post deposition plasma treatment was applied. This has lead to the development
of a Ni - Cu contact process with an active area efficiency of 18.2%. The silicon nitride film in

question was treated in an Ar + N, O plasma ambient for 10 min [19].

Fig. 7.1: (a) Background plating observed in untreated sample after Ni - Cu plating (b) Reduc-
tion in background plating in plasma treated sample after Ni - Cu plating[19].

Plasma treatment of silicon nitride in N,O ambient was reported to result in an increase in
Dj; and Qy at the Si - SiN interface [18]. The increase in interface state density was attributed
to the damage incurred on the silicon nitride film as a result of plasma treatment. Similar
degradation in passivation quality of PECVD silicon nitride films following ammonia plasma
exposure at room temperature was reported by Wan et al. [62]. A significant change in the
chemical composition was also observed [62]. Vernhes et al. reported that an argon plasma
treatment on PECVD silicon nitride can lower the N - H bond density in silicon nitride films

[149]. The bond breakage was attributed to an increase in temperature owing to the plasma
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treatment. This rise in temperature is reported to result in annealing of bulk silicon nitride film,
leading to breakage of N - H bonds within the film. FTIR spectroscopy confirmed a reduction
in N - H bonds and a corresponding increase in the Si - N bond intensity. As reported by
Vernhes et al., if the plasma treatment can result in a rise in temperature of the silicon nitride
and subsequent release of hydrogen within the SiN bulk, it can significantly alter the Si - SiN
interface characteristics. However, the focus of Vernhes et al. was to study the impact of plasma
treatment on surface roughness of silicon nitride film, and hence no investigation of electrical
characteristics of the Si - SiN interface was carried out [149]. Similar inert gas + nitrogen
plasma treatment on silicon nitride was used to remove hydrogen from silicon nitride film, used
as a charge trapping layer in floating gate memory devices [150].

In this chapter, the impact of a post deposition plasma treatment on PECVD SiN films and
its interface with silicon is discussed. The plasma treatment process is carried out in a capac-
itively coupled PECVD chamber and is integrated with the silicon nitride deposition process.
Following Ar + N;O plasma treatment, effective lifetime (7.sy) improved from 266 (s to 863
us (at MCD of 10'> cm™3) on an n-type FZ wafer. The underlying mechanism behind the im-
provement in T.rs is investigated, and the results are summarised. The improvement in T,r¢
was seen to be strongly correlated to a sharp decrease in D;; as well as an increase in Q¢. Dj
decreased by an order of magnitude from 2.5x10'! eV—lem™2 to 2.3x10'Y eV~ lcm=2, while
Qy increased from 1.2x10'2 cm™2 to 1.7x10'2 cm™2. The enhancement in T, rr was observed
on n* emitter surfaces and p-type textured surfaces as well. 7.7 was seen to improve for dif-
ferent plasma ambients like He, Ar and Ar + N,O. The thermal stability of the improvement
in passivation is seen to be adequate for the thermal budgets typically used for post Cu met-
allisation anneals. From our experiments, it was concluded that the improvement in 7.rr was
the combined effect of substrate induced thermal annealing and plasma exposure during the
post deposition plasma treatment process of the silicon nitride film. Thus, an Ar + N,O plasma
treatment of silicon nitride not only results in a significant reduction in background plating but
also improves the 7,7, thereby making it a promising candidate for fabricating low temperature

PERC/PERL solar cells with Ni - Cu based electroplated contacts [4].
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Fig. 7.2: Schematic of the plasma post treatment process of silicon nitride.

7.2 Experiment details

RCA cleaned, double side polished, 300 pum thick n-type, FZ <100> Si wafers with resistivity
of 3 Q cm was used for the experiments. Hydrogenated silicon nitride films were deposited in
a PECVD tool (Plasmalab 100, Oxford instruments) using silane (diluted in N;) and ammonia
as process gases, at a temperature of 380°C. RF power was kept at 20 W and chamber pressure
was 650 mTorr. Following silicon nitride deposition, the samples were exposed to an Ar + N,O
plasma for 10 min in the same chamber without breaking the vacuum. An RF power of 10 W and
chamber pressure of 1 Torr was used for the plasma treatment step. Lifetime measurements were
carried out in a WCT lifetime tester from Sinton instruments after depositing the silicon nitride
on both sides of the wafer. ARXPS and FTIR measurements were carried out to investigate
the impact of plasma treatment on the surface and bulk chemical composition of silicon nitride
film. MIS capacitors with aluminium as gate and bottom electrode were fabricated on n-type
FZ wafers to investigate the silicon - silicon nitride interface properties. Firing of silicon nitride
was carried out at 850°C for 1 s in a rapid thermal annealing system in an N, + O, ambient.
The thermal stability studies were carried out in an N, ambient in a furnace for 1 min in Nj

ambient at 450°C, simulating the conditions used for sintering of Ni - Cu contacts.

7.3 Results and discussion

7.3.1 Physical characterisation of plasma treated silicon nitride film

FTIR measurements were carried out to investigate the impact of plasma treatment on the chem-
ical composition of the silicon nitride film. The ratio of Si - H bond density before and after
plasma treatment was found to be 1.01, while the corresponding ratio for N - H bond was found

to be 1.02. The bond densities were calculated based on the technique described by Wan et al.
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Fig. 7.3: FTIR spectrum showing no significant change in Si - H or N - H bond intensity
following plasma treatment. Inset shows ARXPS O1ls spectrum showing an increase in O-count
after Ar + N>O plasma post treatment.

[151]. Unlike what was reported by Vernhes et al., no significant change in Si - H or N - H bond
intensity was seen following the plasma treatment [149]. An increase in Si - O bond density,

! was the only difference between the post treated sample and its refer-

centered at 1105 cm™
ence. The plasma power used in our experiment may have been too low to result in a change
in chemical composition of the silicon nitride bulk. From ARXPS measurements on plasma
treated and untreated samples, it was found that the amount of silicon and nitrogen for both
the samples were identical. However, the oxygen signal intensity was seen to go up following
the Ar + N>O plasma treatment, indicating oxygen incorporation into the silicon nitride film
as shown in Fig. 7.3. Similar oxygen incorporation in silicon nitride was reported by Bose et
al. [18]. The oxygen present in the untreated sample may have been the result of exposing the
sample surface to ambient. Thus from the FTIR and XPS measurements, it maybe concluded

that the plasma treatment of silicon nitride modified only the near surface region and not its

bulk chemical composition.

7.3.2 Capacitance - Voltage and effective lifetime measurements

Ar + N>O plasma treatment was carried out on a bilayer silicon nitride (SiN) film composed
of a thin (~15nm) silicon rich silicon nitride at the bottom and a stoichiometric silicon nitride
on the top (~70 nm, RI = 2.0). 7.7 of sample increased significantly from 266 us, before

plasma treatment, to 864 (s after plasma treatment as shown in Fig. 7.4(a). The lifetimes are
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Fig. 7.4: (a) Improvement in T.ss following Ar + N>O plasma treatment of silicon nitride
film. 7,rr measured on n-type FZ wafers (b) HFCV curves (closed symbols) and HFGV curves
(open symbols) before and after plasma treatment. A significant improvement in T.rr and a
sharp reduction in D;; can be observed from the HFCV curves.

quoted at MCD of 10> cm™3. Low energy Ar plasma treatment of silicon nitride is reported
to transfer its kinetic energy from the plasma to the silicon nitride film [148]. The transfer of
energy from the plasma can result in densification of the film as a result of bond breaking and
rearrangement. However, from FTIR studies shown in Fig. 7.3, no changes in N-H or Si-H bond
intensity was observed after plasma treatment. Thus by treating silicon nitride films with an Ar
+ N, O plasma, not only can the background plating be reduced but an enhancement in minority
carrier lifetime can also be attained.

The electrical characteristics of the silicon - silicon nitride interface was investigated by
fabricating MIS capacitors. High frequency capacitance and conductance were measured as
a function of gate voltage (HFCV and HFGV) at a frequency of 50 KHz. From the HFCV
curve in Fig. 7.4(b) it can be seen that the Ar + N;O treatment resulted in a decrease in skew
in HFCV curve indicating a net reduction in interface trap density (D;). The conductance also
decreased by an order of magnitude following the Ar + N,O plasma treatment. Mid-gap D;; was
extracted using the single frequency approximation method [118]. D;; was seen to come down
from 2.5x10!" eV~lem=2 to 2.3x10'% eV~lcm ™2 upon plasma treatment. The improvement
in D;; may have been the result of an enhancement in hydrogenation of the Si - SiN interface
following the plasma treatment. The HFCV curve was also seen to shift to the left indicating
an increase in positive fixed charge density (Qy) as well. It was found that the Q increased

from 1.2x10'2 cm =2 to 1.7x10'? cm 2. The combined effect of improvement in Q as well as a
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drastic reduction in D; may have resulted in higher 7,/ following Ar + N,O plasma treatment.

Thermal stability of the enhancement in 7.7y was investigated for temperatures typically
used for Ni - Cu contact sintering in ¢ - Si solar cells [4]. As shown Fig. 7.5, a significant
improvement in 7,7s was observed following a 450°C anneal. 7.7y of 1239 us was measured
for the sample after annealing it in N, ambient at 450°C for 1 min. For the untreated sample,

Terr was 489 us. Thus it maybe concluded that the improvement in surface passivation quality

—=—SiN
—A—ArIN,0

10" 10" 10"
MCD (cm™)

Fig. 7.5: Thermal stability of surface passivation quality for two different annealing condi-
tions. Closed symbols represent 450°C anneal in furnace typically used for Ni - Cu contact
sintering, while open symbols represent 850°C firing in RTA typically used for screen printed
silver contacts.

was seen to be stable for temperatures used typically for Ni - Cu sintering. Coupled with its
potential to reduce background plating, the plasma treatment process maybe an ideal candidate
for fabricating low temperature processed c - Si solar cells based on PERC/PERL architectures
[4]. Upon firing the samples at 850°C, which is typical of a co-firing step in a screen printed
Al - back surface field solar cell, 7.rs decreased to 150 us for both samples, as can be seen
in Fig. 7.5, likely due to out diffusion of hydrogen during the firing process. However, similar
T.rf obtained following firing indicates that the plasma treatment process does not lead to any
deterioration in surface passivation quality of the silicon nitride film. Hence, the plasma treat-
ment process can also be used for reducing background plating in high temperature processed
solar cells with electroplated Ni - Cu contacts on the front surface [5].

UV- stability studies of the passivation layers were also carried out in a UV exposure cham-
ber. The films were not annealed prior to UV exposure. The samples were exposed to a 365

nm UV light for varying time duration. The lifetime was measured for each time interval. The
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Fig. 7.6: Reduction in 7,7y following UV exposure. For longer duration, T.r can be seen to
saturate. T.ry was measured on 300 um thick n-type FZ wafers with a resistivity of 3 © cm.

results of the experiment is summarised as shown in Fig. 7.6. 7.z is observed to decrease for
increasing time duration of UV radiation exposure. The fall in 7.7 may have been the result of
breakage of Si - H bonds at the Si - silicon nitride interface [31]. However, after 150 min of UV

exposure, T.sr for both samples was seen to saturate as can be seen in Fig. 7.6.
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Fig. 7.7. Improvement in T.rr observed following plasma treatment of silicon nitride on an
n-type phosphorus diffused emitter. Inset shows the schematic of the device used for the exper-
iment.

Having seen an improvement in minority carrier lifetime on n-type FZ wafers, the next step
was to investigate how the plasma treatment impacted the emitter passivation quality. The same
was investigated on 1 Q cm p-type textured FZ wafers. Gas phase phosphorus diffusion was

carried out on both sides to form symmetric test structures. The sheet resistance after diffusion
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was measured to be ~ 100 Q/L]. Silicon nitride was deposited on both sides of the wafer,
and Ar + N,O plasma treatment was carried out on both sides of the wafer. The schematic of
the device used for measurement is shown in the inset of Fig. 7.7. Sample without any Ar +
N, O post treatment was used as reference sample. The implied V,. was measured using photo
conductance decay (PCD) measurements. As shown in Fig. 7.7, an improvement in T,y can be

seen, which resulted in an improvement in implied V. from 682 mV to 687 mV.

Lifetime investigation on textured p - type Cz wafer
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Fig. 7.8: Variation in 7, for different plasma exposure durations for a p-type Cz wafer.

The impact of a post deposition plasma treatment was investigated on a 7 Q cm textured
p-type Cz wafer. Silicon nitride film was deposited on both sides of the wafer, and the plasma
treatment was carried out for different time durations of 1, 2, 5 and 8 min. As shown in Fig. 7.8,
an improvement in T, s was seen for longer exposure duration. However, the rate of increase
in lifetime is seen to be higher for shorter duration of time. The rate of improvement in T,z
following Ar + N>O post treatment is seen to come down for longer exposure duration. For
longer duration of time, the improvement in lifetime maybe limited by the amount of hydrogen
available in the film and by the number of interface trap states available at the interface of Si -
SiN.

In order to check whether the lifetime improvement was specific to a silicon nitride film,
Ar + N;O plasma treatment was also carried out on a single layer silicon nitride film, labelled
as SiN, to distinguish it from the SiN film that was used in previous experiments. The silicon

nitride film had a lower hydrogen content as compared to the film used in above experiments.
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Fig. 7.9: (a) 7.rr enhancement observed for plasma treated single layer silicon nitride film (b)
Variation in 7,7y for different annealing temperatures for plasma treated single layer silicon
nitride (SiN,) film. 7.7y was measured on 300 um thick n-type FZ wafers with a resistivity of
3 Qcm.

The minority carrier lifetime was seen to improve from 260 us to 506 us (@MCD = 101
cm ™) after the plasma treatment as shown in Fig. 7.9(a). In comparison to the silicon nitride
film shown in Fig. 7.4(a), the quantum of improvement was seen to be lower. The lower H
content at the silicon - silicon nitride interface may have limited the enhancement in 7,y
Thermal stability of surface passivation was investigated same as the above experiments at
temperatures typically used for Ni - Cu contact sintering in ¢ - Si solar cells [4]. As shown
in Fig. 7.9(b), enhancement in passivation was seen to be stable for temperatures used in our
experiments, making the process a suitable candidate for c - Si solar cells based on PERC/PERL
architectures [4]. From this experiment, it maybe concluded that the enhancement in lifetime
following plasma treatment is not specific to one type of SiN film but is applicable for both

lower RI and higher RI SiN films.

7.4 Understanding the physical mechanism behind minority

carrier lifetime improvement

From numerous experiments, it was seen that the 7,rs was seen to improve after Ar + N,O
plasma post treatment. HFCV measurements, confirmed that the plasma treatment led to a
decrease in interface state density and an increase in positive fixed charge density. The quantum

of improvement in T.sy was seen to have a bearing on the hydrogen content within the silicon
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nitride film. However, the exact physical mechanism behind the improvement in 7.z is not
clearly understood. This section investigates the potential mechanism behind the enhancement

in T,yr after Ar + NoO plasma treatment.

T (1S)

100 - —A—ArINZO
] —=—siN
1014 1615 1016
MCD (cm®)

Fig. 7.10: Enhancement in 7.7y for different plasma ambient. No significant difference in 7.r¢
was seen for treatment in different plasma ambients. 7,7y was measured on 300 pm thick n-type
FZ wafers with a resistivity of 3 Q cm.

Vernhes et al. reported that, plasma treatment of silicon nitride films can result in an an-
nealing of the silicon nitride [149]. The kinetic energy of the ionised species is dissipated as it
bombards the silicon nitride, resulting in a rise in temperature, leading to the annealing. How-
ever, this would imply that, on using a lighter species like He, the amount of energy transferred
onto the silicon nitride film would be less, and hence the annealing effect would be lower. In
order to test this hypothesis, an experiment was carried out by treating the silicon nitride film
in different plasma ambient. The impact of various plasma ambient on 7.rr was studied. Sili-
con nitride was deposited on both sides of n-type FZ wafers (3 Q cm). The samples were then
treated in He, Ar and Ar + N>O ambient for 10 min respectively on both sides of the wafer. The
result of the experiment is shown in Fig. 7.10. As compared to the reference sample, there was
significant enhancement in 7, rr. However, 7.7y across the samples were comparable. Ar +N;O
plasma treatment resulted in best 7.z, followed by Ar and He plasma treatments. However, the
difference in 7,7 for different plasma ambient was not significant. This indicated that though
the plasma ambient plays a role in determining 7. sr, the cause for the significant enhancement
in 7.y following plasma treatment lies elsewhere.

Another possible cause for the improvement in lifetime may have been the annealing of

the sample as a result of the high substrate temperature. For annealing temperatures above
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Fig. 7.11: 7.rs measurement on n-type FZ wafers, before and after plasma (RF) treatment. No
RF corresponds to the sample kept in the chamber without turning ON the RF supply.

350°C, Cai et al. had reported that the trapped atomic hydrogen in PECVD SiN films can act
as a source of hydrogen leading to an improvement in surface and bulk passivation in multi
crystalline solar cells [152]. During the Ar + N>O plasma treatment reported here, the sample
resides on the substrate for an additional 10 min at 380°C. This in situ annealing during the
plasma treatment may have an impact on the final effective lifetime. To investigate the impact
of substrate annealing on the measured effective lifetime, an experiment was carried out on
n-type FZ wafers of 3 Q cm resistivity. SiN was deposited on both sides of the wafer. The
sample was then kept inside the RF chamber at 380°C in Ar + N,O ambient keeping the RF
supply OFF. Gas flow rate and chamber pressure used were same as those used for the post
treatment process. The sample was placed in chamber for 10 min. As shown in Fig. 7.11, 7.z
increases when the sample was kept in chamber without any RF supply. Upon turning the RF
supply ON, 7./s was seen to increase further, indicating an improvement in passivation quality.
This experiment clearly demonstrates and decouples the effect of the substrate annealing effect
and plasma treatment on the effective minority carrier lifetime. The results presented here are
in contrast to what was reported by Bose et al., who had reported an increase in D;; following
N,O plasma treatment at 250°C [18]. The higher substrate temperature (380°C) used in our
experiments may have contributed to this difference. The improvement in surface passivation
quality after the plasma treatment process, is predominantly due to the substrate annealing of the
sample. Further plasma treatment of the SiN film leads to a marginal improvement in surface

passivation quality.
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7.5 Technology roadmap for the process
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Fig. 7.12: (a) EQE of a PERC solar cell compared with a screen printed solar cell [153] (b)
Schematic of the PERC solar cell fabricated.

As previously discussed, the plasma post treatment process is an effective method to min-
imise the background plating process. The process discussed in this chapter, had shown a signif-
icant improvement in the effective lifetime following the plasma post treatment. The treatment
step was also seen to result in an improvement in 7,7, both on n-type emitters, n-type and
p-type wafers, opening up a lot of avenues for implementation. One such implementation of
the process was in rear surface passivation of PERC solar cell as shown in Fig. 7.12(b). The
fabrication process for the PERC solar cell followed a similar process reported by Tous et al.
[4]. Electroplated Ni - Cu contact was used as front contact while laser fired Al was used as
rear contact. No high temperature firing process was used during the cell fabrication process.
A low temperature anneal at 375°C was used for Ni - Cu contact sintering. Initial results from
the PERC solar cells thus fabricated demonstrated an improvement in rear surface passivation
as compared to Al - BSF solar cells. The EQE is shown in Fig. 7.12(a). The improvement in
the front side of the solar cell is the result of using a plasma grown SiO.Ny - SiN1 stack in
comparison to the reference cell using silicon nitride. The rear side of the cell was passivated
using a hydrogen rich silicon nitride film (SiN2), and was post treated in Ar + N,O ambient
to improve T,7r. The improvement in passivation quality of the rear surface manifested as an
improved quantum efficiency for the longer wavelength (900 - 1200 nm) as compared to the
reference cell, thus clearly demonstrating the future potential of the process. The cell perfor-

mance was limited by series resistance, as the contact formation using laser firing would need
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further optimisation.
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Fig. 7.13: 7,7r improvement as a result of plasma pre and post treatment; measured on n-type
FZ wafer.

Another aspect that needs further investigation is the combined effect of a plasma oxidation
step and the post treatment step on the Ni - Cu background plating. From initial results obtained,
the lifetime enhancement is observed when the plasma oxidation step and the post treatment
step are combined. The result of the same is shown in Fig. 7.13. The combined use of plasma
oxidation and post treatment has the potential to significantly lower the back ground plating.
In addition to this, the plasma oxidation step (pre-treatment) can result in an improvement
in emitter surface passivation leading to an improvement in open circuit voltage and current.
Therefore the true potential of this process combination needs to be investigated in detail. The
result in shown in Fig. 7.13 also confirms that the plasma post treatment can be used for stacks
of Si0,/SiN films. The impact of plasma post treatment on a stack of Al,O3 - SiN can also be
an interesting study, as it is the most widely used rear surface passivation stack in PERC solar

cells.

7.6 Conclusions

In this chapter the impact of a post deposition plasma treatment process on the surface passiva-
tion quality of SiN was discussed. A significant improvement in 7,rs was observed for samples
treated in different plasma ambient. The improvement in 7. sy was seen to be stable for temper-

atures typically used in PERC/PERL architectures and Ni - Cu contact sintering. Improvement
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in T.ry was observed not only on polished n-type FZ wafers but also on textured p-type Cz
wafers, as well as n™ emitter surfaces. The improvement in 7, ¢¢ was seen to be predominantly
caused by the substrate annealing effect. Thus an Ar + N,O plasma treatment on silicon nitride
not only has the potential to reduce background plating but also improve the quality of surface
passivation, making it a very promising process technology for low temperature c - Si solar cells

based on electroplated Ni - Cu contacts.
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Chapter 8

Inverted pyramidal texturing of silicon

through blisters in silicon nitride

8.1 Motivation

The concept of inverted pyramidal texturing assumes further significance in light of decreasing
wafer thickness. The current industry standard wafers are typically 180 um thick, and can ab-
sorb all the light falling on it. Conventional random/inverted pyramidal texturing process results
in pyramids of 3 - 10 um in size [9]. The process consumes 10 - 20 um of silicon absorber
material and is hence not a viable process for thin wafers [93]. However, as the thickness of the
wafer scales down, efficient light trapping mechanisms are required to ensure that a thin wafer
can absorb as much light as a thick 180 um silicon wafer. Fig. 8.1 shows the impact of starting
wafer thickness on the short circuit current density in a solar cell assuming a 100% collection.
The simulation was carried out using Wafer Ray Tracer in PV Lighthouse. No antireflective
coating was used during the simulation. A pyramid height of 3 ym was assumed. As can be
seen, the maximum current density that can be obtained for a given spectrum (J ), falls for
decreasing wafer thickness. However, during conventional random pyramidal texturing of ¢ - Si
wafers, ~ 10 - 20 um thick silicon is removed from both sides of the wafer. Consider a silicon
wafer of 100 um, the minimum loss of silicon from both sides is ~ 20 um [6], resulting in a
net wafer thickness of 80 um. J;, will fall by 0.7 mA/cm? as shown in Fig. 8.1. Inverted pyra-
midal texturing on the other hand etches ~ 0.7 * Width of etch pattern. By tailoring the width
of the etch pattern, the amount of silicon lost can be lowered. For example, an etch pattern with

a width of 1 um can result in etching of ~700 nm of silicon, resulting in significant saving of
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silicon substrate as compared to random pyramidal texturing. This coupled with higher J;,
lower defect densities and lower stress on dielectrics makes inverted pyramidal texturing an

interesting option for lower wafer thickness [8].
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Fig. 8.1: J s versus starting wafer thickness for random and inverted pyramidal texturing. Also
indicated (dotted lines) are J ;5 after random and inverted texturing for a 100 um thick wafer.

The chapter begins with a proposal for a novel process for the fabrication of micrometer
scale inverted pyramids on crystalline silicon. The key to the process are the blisters formed
upon annealing of silicon nitride films. Inverted pyramids are formed by etching the sample
in Tetra Methyl Ammonium Hydroxide (TMAH) solution. The silicon nitride film remaining
on the wafer surface serves as an etch mask during the etching process. A detailed discussion
on both the mechanism behind the formation of blisters in silicon nitride films as well as the
impact of various process conditions on the blister size, shape and density is also included in
this chapter. The chapter concludes with a brief discussion on some of the approaches that

maybe utilised for fabricating inverted pyramids of sub micron dimensions.

8.2 Inverted pyramidal texturing through blisters in silicon
nitride

The proposed novel approach for fabricating inverted pyramids on silicon is shown in Fig. 8.2.
RCA cleaned, single side polished, <100> Si wafers with a resistivity of 4 - 7 Q cm was
chosen as the substrate. A thin film of silicon nitride was deposited using an ICP - CVD plasma

reactor, using silane and nitrogen as the process gases. After depositing the silicon nitride film,

132



the sample is annealed in a rapid thermal annealing (RTA) chamber to create blisters. Fully
open blisters would expose the silicon underneath the silicon nitride film, and thus it serves as
a template for fabrication of inverted pyramids. Before the texturing process, blistered samples
were treated in 2% HF solution to remove any native oxide that may have grown on the exposed
silicon surface. The sample was subsequently rinsed in de-ionised water and transferred to
the etching solution. Texturization process was carried out in TMAH solution at 85 - 90°C.
After etching, the samples were observed under a scanning electron microscope. The weighted
average reflectance was measured using a UV - VIS - NIR spectrophotometer after etching the

silicon nitride film in 5:1 Buffered HF (BHF) solution.
Thin film
deposition

Silicon etching in
anisotropic
etchants

Si wafer with inverted
pyramids formed after the
proposed process

Fig. 8.2: Process flow for fabrication of inverted pyramids on silicon.
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In order to validate the viability of the proposed process, two different silicon nitride films
were chosen. The films were deposited at 320°C with an ICP power of 200 W, and RF power
of 40 W. SiH, to N ratio was 0.8 and 1.0 respectively for the two films. The chamber pressure
was kept at 4 mT and 20 mT respectively during the deposition of these films. The blisters were
generated by annealing the silicon nitride film at 800°C in N, ambient. One of the films had a
large density of closed blisters, while the other film had a large density of fully opened blisters
(SiH4 to Ny ratio = 1). The surface coverage of the blisters for both the samples were found
to be about 30%. The inverted pyramidal texturing process was carried out in 2.5% TMAH
solution at 85°C. In order to understand the robustness of the blistered region to the etching
solution, the etch process was carried out in two steps. The samples were first etched in TMAH
solution for 1 min and was subsequently observed in a scanning electron microscope. This

was followed by another etch for 4 min followed by electron microscopy imaging. The images
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were taken prior to the removal of silicon nitride. No etching of silicon was observed under
the blisters that had not cracked open after etching for 1 min as shown in Fig. 8.3 (a) and after
etching for 5 min as shown in 8.3 (b). Hence it maybe advisable from a process stand point
to look at films in which the blisters have completely cracked open for the purpose of inverted
pyramidal texturing. However, for the sample with opened blisters, as can be seen in Fig. 8.3
(c), after 1 min of TMAH etching, the etch planes for anisotropic etching of Si can be seen
to form along the circular outlines of the blisters formed. Upon etching it for another 4 min,
fully formed inverted pyramids could be seen. This indicates that the circular blistered regions
formed during annealing can be effectively etched in anisotropic etch solutions, resulting in
inverted pyramids. The surface coverage of the pyramids formed is still low in comparison to
conventional photolithography based inverted pyramid texturing process, and can be improved
by optimising the blister formation process. It can also be seen that the inverted pyramids
formed are not of uniform size. The size of the pyramids vary in accordance with the size of

the blisters formed. However, as can be seen in Fig. 8.4, there was a decrease in broadband

Fig. 8.3: (a), (b) SEM images of a sample with large density of unopened blisters after etching in
TMAH solution for 1 min and 5 min respectively. No etching was observed under the unopened
blister. (c), (d) SEM images of a sample with a large density of open blisters after etching in
TMAH solution for 1 min and 5 min respectively. Etching can be seen to commence along the
blister edges after 1 min and fully formed inverted pyramids can be seen after 5 min of etching.

reflectance of the sample as compared to polished silicon surface. W,, reflectance value of
28.4% was obtained for the sample with the open blisters. The weighted average reflectance

value is high as compared to random pyramidal texturing process. This maybe the result of a
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low surface coverage of blisters which resulted in a low density of pyramids. For the sample
with unopened blisters, the reflectance value was comparable to that obtained for polished Si
wafer. The reflectance was measured after removing the silicon nitride film in buffered HF (5:1)
solution. It maybe concluded that a higher surface coverage of opened blisters is necessary for
lowering the reflectance value. A better understanding of the blistering process and the influence
of various process parameters on the blistering process can pave the way forward for improving
the coverage of open blisters. As shown in the inset of Fig. 8.4, during the etching of silicon
through the blister, a small undercut into the silicon can also be seen. The under etch can play a
major role, in case of samples with a large surface coverage of blisters, in determining the final

outcome of the etch process. From the above set of experiments, it maybe concluded that, the
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Fig. 8.4: Reflectance curves for textured samples showing a decrease in reflectance in compar-
ison to polished silicon. No anti-reflective coating was used on the samples. Also shown is
the reflectance curve for a commercial random texturization(R Txt) process for reference. Inset
shows the undercut observed during etching through a blister.

silicon nitride film remaining on the wafer surface after blistering, can serve as an etch mask
for the fabrication of inverted pyramids. Fully open blisters contributed to formation of inverted
pyramids, whereas the closed blisters did not contribute to the inverted pyramid formation.
However, as mentioned above, W, reflectance was seen to be high at 28.4%. In order to design
and develop processes for obtaining lower weighted average reflectance, the blister formation

process needs detailed investigation.
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8.3 Understanding the blistering problem in silicon nitride

Blistering in silicon nitride is a widely known problem in the solar cell industry. Localised
removal of silicon nitride film upon annealing results in a higher reflectance and degrades the
quality of surface passivation in case of crystalline silicon solar cells. The role of hydrogen
in the formation of blisters in silicon nitride and aluminium oxide was previously reported
[10, 155]. Silicon nitride film cracks open to form bubbles exposing the silicon underneath.
The bubble formation is attributed to localised pile up of hydrogen upon annealing. Some of
the blisters do not crack open, while some others do not, as shown in Fig. 8.5. As previously
mentioned, a fundamental understanding on the nature of blister formation as well as its impact
on various process conditions can pave way for designing and developing blistering processes
for lowering the W, reflectance. In the following section, the physical nature of blisters is
looked at. The impact of various process parameters (annealing and deposition) on the blistering

process in silicon nitride is also investigated.

Fig. 8.5: Electron microscopy image showing the blister formed in silicon nitride film after
annealing at 800°C for 2 s. Some of the blisters had fully cracked open, while some did not.

8.3.1 Physical nature of blisters

A localised removal of silicon nitride through blister formation can result in exposing the silicon
underneath. In order to understand what happens to silicon surface below the blister, AFM was
carried out on the blistered areas. AFM was carried out in non contact mode on a silicon
wafer after removing the silicon nitride film completely in buffered HF (5:1) solution. Fig. 8.6

shows the profile along the line drawn on the AFM image. It was observed that during blister
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formation, not only was the silicon nitride film damaged, but it also lead to formation of a
small pit on the silicon wafer surface. Similar pit formation on silicon surface after blistering
was previously reported [155]. The trench depth observed in our experiments was about 2 -
3 nm. Similar crater formation on silicon surface as a result of silicon nitride blistering was
reported by Hauser et al., who suggested that it can lead to a possible loss of active emitter
area [162]. It was reported by Dekkers et al. that the blister formation in silicon nitride film
has a very striking resemblance to the out-diffusion of hydrogen observed, during the hydrogen
induced exfoliation of silicon, used for the SMART CUT process [155]. Similar circular shaped
blisters were observed in hydrogen implanted silicon upon annealing at 350°C [160]. Verma et
al. reported that the blistering in hydrogen implanted silicon is a function of temperature and
initial concentration of hydrogen [164]. The concentration of hydrogen during blister formation
will depend on the annealing history of the sample. The increase in annealing time can result
in substantial build up and coalescence of hydrogen within silicon which can lead to blister

formation.
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Fig. 8.6: (a) AFM image on silicon surface after removing silicon nitride film (b) Surface
profile along the line shown in (a) indicates pit formation in silicon under the blisters.

8.3.2 Impact of silicon nitride deposition conditions on blister formation
in silicon nitride
Experiment details

Hydrogenated silicon nitride (SiN,:H) films were deposited on RCA cleaned Si wafers using an

ICP - CVD plasma reactor (plasmalab system 100) from Oxford instruments. The deposition
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temperature was kept constant at 320°C for all depositions. SiN,:H films were deposited using
SiH4 and N, as the process gases. The films were deposited at a RF power of 200 W. Two
different chamber pressures, 4 mTorr and 20 mTorr were used for the study. Film thickness and
RI of the films were measured using a spectroscopic ellipsometer. The samples were subjected
to a contact firing process in an RTA chamber, in N, ambient. The films were fired at 800°C for
10 s. The chemical composition of the films were studied using FTIR, before and after firing to

understand the impact of high temperature on the film composition.

Results and discussion

By varying the silane flow rate, films with different refractive indices were deposited. The
thickness of the films was ~15 nm. As expected, the refractive index increased for larger silane
flow rates. The films were subsequently fired in a RTP chamber. As indicated in Fig. 8.7, films
deposited at a lower silane flow rate did not show a blistering. Thus by regulating the silane flow
rate, the blister formation in silicon nitride films can be controlled. Silane being the source of
hydrogen in the silicon nitride films discussed in this chapter controls the amount of hydrogen
trapped in the film. An increase in silane flow rate results in higher RI and larger hydrogen
content in the silicon nitride film. The correlation between silane flow rates and the hydrogen
content within the silicon nitride film is also reported by Lanford et al. [163]. Hence it is not
surprising that the blistering threshold is purely determined by the silane flow. However, for
silicon nitride films deposited at a higher plasma power (> 200 W), blistering was observed
irrespective of the silane flow rate. The higher degree of ionisation of the silane may have
resulted in a significant increase in the hydrogen content within the film, contributing to the
blister formation, after firing.

The variation in film composition with firing was investigated by means of FTIR measure-
ments. From FTIR measurements it was observed that the Si-H and N-H bond peaks decreased
upon annealing. Fig. 8.8(a) shows FTIR spectrum for a film deposited using a silane flow of
11 sccm, before and after anneal. The Si-H and N-H peak intensity came down upon firing
and a corresponding increase in the Si-N peak was seen. This increase can be attributed to the
reaction of the liberated N radicals with the free Si bonds. FTIR spectrum also shows a small Si
- O peak due to possible trapping of atmospheric oxygen within the film. Fig. 8.8(b) shows the
FTIR spectrum for a thermally stable film deposited using SiHy flow rate of 3.5 sccm. Despite

a decrease in the Si - H and N - H bond density upon anneal as seen in Fig. 8.8(b), the film did
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Fig. 8.7: Variation in RI with changing silane flow. The threshold silane flow rate beyond
which blistering commences is also shown in figure.

not exhibit blistering. From the above set of experiments, Si - H and N - H bonds were seen
to break as a result of firing, releasing hydrogen. This free hydrogen may get accumulated and
form bubbles which may expand upon annealing, resulting in the formation of blisters. If the

hydrogen concentration under a blister is large enough, the blisters would crack open exposing

the silicon underneath.
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Fig. 8.8: FTIR spectrum before and after firing for (a) SiN,:H film deposited using a silane flow
of 11 sccm. The film blistered upon firing at 800°C (b) SiN,:H film deposited using a silane
flow of 3.5 sccm. The film did not exhibit any blistering upon firing at 800°C.

As shown in Fig. 8.8(a) and 8.8(b), the film deposited with a higher silane flow rate (higher
RI) was seen to blister upon firing at 800°C. The film with higher RI also showed a sharp

decrease in Si - H bond intensity upon firing. Hong et al. had previously reported that low RI

139



films are more thermally stable as compared to the higher RI silicon nitride films [159]. The
weak thermal stability of Si - rich silicon nitride film was also previously reported [10]. In
order to investigate the out-diffusion of hydrogen and the weak nature of Si - H bonds in rich
silicon nitride film during firing, an experiment was designed using a trilayer stack of silicon
nitride. The film was prepared by sandwiching a thin layer (~ 14 nm) of high RI (2.3) silicon
nitride between two low RI (1.8 - 1.9) silicon nitride films. The bottom layer was deposited
with a silane flow rate of 2.5 sccm while the top layer was deposited using a silane flow of 3.5
sccm. The middle layer was deposited at a higher silane flow of 13.5 sccm. All other process
parameters were kept constant. The schematic of the stack can be seen in inset of Fig. 8.9. The
film was fired at 800°C for 2 seconds in N, ambient and the hydrogen concentration before and

after annealing was studied using TOF-SIMS.
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Fig. 8.9: TOF - SIMS data for a trilayer silicon nitride stack deposited by varying the silane flow
rate (inset) showing a decrease in hydrogen count upon annealing. The decrease in H count was
drastic in the Si rich SiN region, indicating the weak nature of Si - H bonds.

It was observed, as shown in Fig. 8.9, that the hydrogen count within the silicon came
down upon firing, indicating an out-diffusion of hydrogen. Before firing, a small gradient in
the hydrogen concentration could be seen for the Si-rich layer as compared to surrounding
layers. However, upon firing, a sharp fall in hydrogen content could be observed at the region
corresponding to the Si-rich nitride layer. This may indicate the lower thermal stability of
the Si-H bonds in Si-rich nitride films as was previously reported [10, 159]. The variation in
the refractive index across the stack may also have played a role in the sharp fall in hydrogen

count. From this experiment it may be concluded that upon firing a hydrogenated silicon nitride
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film, bulk out-diffusion of hydrogen happens, which maybe playing a key role in the formation
of blisters upon annealing. Additionally, no blistering was observed upon annealing a silicon
nitride film deposited on top of a thermally grown SiO; film (~180 nm). This behaviour of S10,
maybe attributed to the various defects within the SiO; film, which can trap the hydrogen, thus
impeding the blistering process [161]. The SiO; film can also serve as a buffer layer releasing
the thermal stress on the silicon nitride upon annealing.

It may thus be concluded that blistering in silicon nitride film was strongly correlated to the
hydrogen content within the silicon nitride film. For silane flow rate above 5 sccm, blistering
was seen to commence for low ICP powers (200 W). However, since the texturing experiments
warranted blister formation, silicon nitride films deposited with a silane flow rate of 13.5 sccm,
at an ICP power of 1000 W, temperature of 250°C were chosen. The higher deposition temper-
ature was chosen to ensure that the film was robust to the anisotropic etch solutions used during

the texturing process.

8.3.3 Impact of annealing conditions on blister formation in silicon ni-
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Fig. 8.10: Variation in blister coverage with increasing anneal temperature. Inset shows the
distribution of blisters of different areas for varying anneal temperatures. Blister count is given
as a percentage of the total number of blisters. The area used for the analysis was 140 um x
105 pm.

From previous discussions, it was concluded that the blistering in silicon nitride films was

found to be strongly correlated to the hydrogen content within the silicon nitride film. Gatz et

141



al. had previously reported that H - effusion from silicon nitride films commences beyond a
temperature of 500°C [165]. Thus it maybe interesting to study the impact of the annealing on
the blister formation process. In this section, the influence of anneal conditions (temperature,
time) on blister formation in silicon nitride films is investigated. The silicon nitride films were
deposited on polished p-type Cz wafers, and was annealed in a RTA chamber for 2 s. As the
annealing temperature was increased from 550°C to 800°C, it was observed that the size as
well as the density of blisters increased. It was observed that the areal density of the blisters
increased from 3.5% at 550°C to 40.0% at 800°C, as shown in Fig. 8.10. At or beyond this
temperature, the Si - H and N - H bonds are reported to dissociate resulting in the formation
of atomic hydrogen. A saturation in the hydrogen concentration taking part in the blistering
process, may have happened for temperatures beyond 700°C resulting in a saturation of blister
density. It was also observed that though a large number of blisters were formed, they did not
crack open exposing the silicon underneath the silicon nitride film.

By keeping the temperature constant at 800°C, the impact of anneal time on blister size
and shape was studied. It was observed that the shape and size of the blisters evolved with an
increase in annealing time. As the annealing time was increased from 2 s to 10 s the size and
density of blisters increased as shown in Fig. 8.11. The areal coverage was found to improve
from 23% to 58%. However, here again, not all blisters had cracked open to expose the silicon

underneath.

Fig. 8.11: Increase in blister coverage for increasing anneal duration (a) 2 s (b) 10 s. The
samples were annealed at 800°C in N, ambient in a RTP chamber.

From the above set of experiments, it may be concluded that the blister formation process

is strongly dependent on the annealing temperatures as well as annealing time. By varying
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the annealing time and temperature, the size, shape and areal coverage of the blisters can be
modified. In the next section, the impact of deposition conditions on the formation of blisters

in silicon nitride is investigated.

8.4 Role of inert gas plasma treatment on the blister forma-

tion in silicon nitride

From the above set of experiments, though a surface coverage of 58% was obtained, the samples
were not chosen for the texturing experiments owing to the following reasons: (1) the films
obtained had a large fraction of unopened blisters which would hinder any texturing process
(2) the films were deposited at room temperature, resulting in a low density silicon nitride film
which was not robust against the TMAH etch solution. In order to improve the robustness of the
film against the etching solution, silicon nitride was deposited at a higher temperature of 250°C,
and to improve the fraction of open blisters, an inert gas plasma pretreatment prior to silicon
nitride deposition is proposed. It was previously reported by Duo et al. that by co-implanting
helium and hydrogen into silicon, the smart cut process can be carried out more efficiently
[166]. A reduction in implant dose, implant time and lower crystal damage were reported as the
benefits of helium - hydrogen co-implant [166]. Helium being an inert gas would not result in
bond breakage through chemical means. However, along with hydrogen, it can take part in the
physical processes resulting in an enhancement of the layer splitting process [166]. The use of
inert gas for optimising blister formation in silicon nitride films for texturization is investigated
in this section. Silicon wafers were pretreated in an Ar plasma in the same process tool at
250°C for 5 min. It may be noted that this do not add any significant complexity to the process
except for a 5 min time penalty. The ion flux towards the silicon surface was controlled by
varying the substrate power. In our experiment, two different bias powers of 40 W and 100 W
were chosen. This corresponded to a negative bias of -107 V and -203 V respectively at the
substrate. The plasma was struck at 1000 W ICP power at 4 mTorr chamber pressure. The
samples were capped with silicon nitride film deposited at 250°C. The samples were further
annealed at 550°C, and 800°C for 10 s. The areal density, shape and size of the blisters thus
formed were investigated.

It was observed that for the samples prepared with an argon plasma pre-treatment, the results

were much in the lines of what was reported by Duo et al. [166] for helium - hydrogen co-
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Fig. 8.12: Optical micrographs(100X magnification) of samples after 40 W argon pretreatment
followed by anneal at (a) 550°C (b) 800°C and 100 W argon pretreatment after anneal at (c)
550°C (d) 800°C.

implant. As can be seen in Fig. 8.12 (a) and (b), circular shaped blisters were formed upon
annealing, exposing the silicon underneath. However few unopened blisters could also be seen
in Fig. 8.12 (a) and (b) as bright spots on the wafer surface. The surface coverage of the blisters
were calculated to be around 55%. However, as the substrate power was increased from 40
W to 100 W, the average size of the blisters increased from 8 pm to 16 um, as can be seen in
Fig. 8.12 (¢) and (d). The blister coverage was found to be about 51%. It could also be seen that,
as the anneal temperature was raised from 550°C to 800°C, no improvement in blister coverage
was observed. Hence, by incorporating an argon plasma pretreatment, the coverage of opened
blisters improved and the the annealing temperature for the blister formation was reduced.
Analogous to what was reported for co-implanted helium and hydrogen, argon too may
have played a role in enhancing the physical processes associated with blistering [166, 167].
Being chemically inert, argon maybe able to segregate easily within the silicon close to the
surface. Upon annealing, smaller bubbles of argon can coalesce (similar to helium) along with
the hydrogen and generate the required pressure for creating the blisters on silicon surface. An
increase in the substrate power would correspond to an increase in the ion flux towards silicon
surface, which can result in a higher argon concentration within silicon. This increased argon
concentration, coupled with Ostwald ripening process during annealing may have resulted in

the increase in the blister size[167]. It maybe conclude from Fig. 8.12 that Ostwald ripening
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Fig. 8.13: SEM images (a) showing the formation of inverted pyramids after etching the sample
in TMAH solution for 5 min (b) Magnified image showing an inverted pyramid, the undercut
as a result of etching through the blister can also be seen. The sample prepared with 100 W Ar
plasma pretreatment and annealed at 550°C was used for the experiment.

process may be playing a key role in determining the shape of the blisters formed. Like He and
H, Ar and H may also have worked in synergy to enhance the blistering process. There have
been reports of argon induced bubbling of silicon at higher implantation energies (~ 100 KeV)
at room temperature [168]. The low mobility of argon in silicon and its low sputter yield is
reported as the reasons for the blister formation in that case. However, in our experiments, the
energy and dose of implant is much lower than what was previously reported. Hence the exact
role of Ar implantation at low energy into silicon needs further investigation.

The sample prepared with 100 W Ar plasma pretreatment and annealed at 550°C was chosen
for the texturing experiment. The sample was etched in 2.5% TMAH solution at 85°C for 5
min. The silicon nitride film was etched out in 5:1 BHF and reflectance measurements were
carried out. As can be seen in Fig. 8.14, the weighted average reflectance came down to 17.3%.
Reflectance curve for a randomly textured process is also shown for reference. No anti-reflective
coating was used on the samples. The fall in reflectance can be attributed to an increase in the
surface coverage of the fully open blisters, as was seen in Fig. 8.12 (c). The etching of silicon
through the blister resulted in the formation of an undercut into the silicon nitride which further
contributed to an increase in the surface coverage. As can be seen in Fig. 8.13 (b), the front side
of the wafer had fully formed <111> planes on the silicon surface, while very small random
pyramids is seen to be form in regions where there was no blister. This may have been the result

of a possible seepage of the etch solution into these regions, as the etching progresses.
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Fig. 8.14: Reflectance values showing a decrease in weighted average reflectance from 28.3% to
17.3%, owing to an increased surface coverage of open blisters as result of Ar pretreatment. W,
reflectance of 17.3% was obtained for the sample prepared with 100 W Ar plasma pretreatment
and annealed at 550°C was used for the experiment. Previous best results refers to the results
presented in Fig. 8.4.

8.5 Roadmap for fabrication of inverted nano pyramids

8.5.1 Reduction of blister size for nano texturing applications

From the discussion in the previous sections, it was seen that the size of the blisters formed as
a result of annealing the silicon nitride film was in excess of 5 um. These larger size blisters
were seen to result in the formation of pyramids which are of the similar size. However, the
true potential of the process discussed in above section can be exploited, if the dimension of
the blister sizes can be brought down to sub micron levels. One of the approach was to reduce
the thickness of the silicon nitride film. Fig. 8.15, shows the blister formation in ~ 8 nm thick
silicon nitride film. The size of the blisters formed were very small than what was clearly
resolvable using an optical microscope. However, as can be seen the blisters formed were
not fully opened rendering them unsuitable for texturing applications. In order to address the
problem of unopened blisters for lower thickness, the process was modified. The blister process
was seen to be directly correlated to the concentration of hydrogen trapped within the silicon
nitride film and silicon. Keeping this fact in mind, an experiment was designed by depositing
a thick layer of silicon nitride, which was etched in BHF(5:1) for varying time durations (30s,

60s, 90s). This etch back scheme ensured that the amount of hydrogen trapped within the silicon
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Fig. 8.15: Optical image showing small blisters in a thin silicon nitride film of thickness 18 nm.

remained the same for all samples. The samples were then annealed in RTA at 800°C for 10 s.

The result of the experiment can be seen in Fig. 8.16.

Fig. 8.16: SEM images showing the blister formation in a silicon nitride film as its thickness

was reduced by etching it in BHF solution. For increasing etch durations (a) 0 s (b) 30 s (c) 60
s (d) 90 s, the size of the blisters came down from 3 pum to 450 - 470 nm.

As can be seen, the size of the blister formed was found to decrease with increasing BHF
etch time. The size of the blister decreased from 3 pum for the as deposited sample to 446
nm after 90 s of BHF etching. There was no major change in density of the blisters formed
as can be seen in Fig. 8.16. Therefore by varying the thickness of the silicon nitride film, the
size of the blisters can be tuned and thus be used for nano texturing. In order to improve the

surface coverage of the process, one needs to start with a sample which has a large density of
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blisters. The combination of a thinner film, along with an inert gas treatment prior to silicon
nitride deposition can improve the blister density, and pave way for fabrication of inverted nano

pyramids.

8.5.2 Boron etch stop for fabrication of inverted nano pyramids in silicon

Experiment details

Bead Deposition
& Size reduction

uonejuejduwy
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Fig. 8.17: Process flow for nano texturing of silicon using boron etch stop layer.
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In this section, a novel process for the fabrication of nano texture in silicon is proposed.
The process utilises colloidal lithography [103] and a boron etch stop layer for the same. The
schematic of the proposed process is shown in Fig. 8.17. As was previously reported, a boron
implant can result in the formation of an etch stop layer in case of etchants like KOH and
TMAH [169]. Polystyrene beads are spin coated onto a silicon wafer, and the size of the beads
are reduced using an O, plasma. By varying the O, plasma exposure time, the spacing between
the beads can be varied. After the bead size reduction, the sample is subjected to a low boron
energy implant in a plasma immersion ion implanter. The implantation process is carried out for
a short duration (30 s) at 1 KV DC bias. The beads are then removed in toluene, and the samples
are annealed in RTA chamber in O, ambient at 1050°C to activate the dopants. Upon dopant
activation, the borosilicate glass is removed and the samples are etched in TMAH, resulting in

the formation of the pyramids. The proposed process is shown in Fig. 8.17.
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Fig. 8.18: SEM images after etching in TMAH showing the nano pyramids at different regions
on the wafer.

Results and discussion

In the experiment, after the ion implantation process, it was observed that all the PS beads were
removed. Hence the implant may have happened on almost all areas on the wafer. However,
it was observed that few beads were scattered around the wafer surface. The samples were then
etched in TMAH solution, and the SEM imaging was carried out to check for formation of
inverted pyramids. As can be seen in Fig. 8.18, few nano pyramids were formed, the base width
of which varied from 350 nm to 400 nm. The size of the PS beads before size reduction was 500
nm. As can be seen in Fig. 8.18(a), there were regions which had no etching at all, which maybe
be the boron implanted region. The shape of the regions with pyramids seen in Fig. 8.18(a) and
(b) resembled the shape of a region with multiple layers of beads. Fig. 8.18(d) shows a perfectly
formed inverted pyramid, with a size of 356 nm. The experiment was the first experiment for
testing of the concept, and it seemed to work. However, by varying the implant conditions, and

the firing conditions, a better control on the pyramid formation process maybe possible.

8.6 Conclusions

Two novel processes for fabrication of inverted pyramids on silicon surface were presented in

this chapter. The blistering process in silicon nitride was found to be strongly correlated to the
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hydrogen implantation process used in SMART cut process. A pre deposition plasma treatment
in an argon ambient resulted in an improvement in the size of the blisters formed. By reducing
the thickness of the silicon nitride film, the size of the blisters could be lowered to sub micron
levels. Further optimisation would focus on improving the blister density further, which can
result in a decrease in reflectance. The impact of inert gas plasma pretreatment on the silicon
surface may also be looked into.

The feasibility study of another novel process for fabrication of nano pyramids in silicon
was reported here. The process involves the usage of colloidal lithography and a boron etch
stop layer for the fabrication of the nano pyramids. From the initial results of the experiment,
it maybe concluded that the process is feasible and periodically spaced inverted nano pyramids

maybe achieved by further optimisation of the implant and anneal conditions.
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Chapter 9

Conclusions and Future work

In this thesis, three novel plasma processes for application in crystalline silicon solar cell fabri-
cation were discussed. In Chapter 5, the potential of a novel plasma oxidation process based on
nitrous oxide plasma for growing thin oxy-nitride films was presented. The surface passivation
potential of the film was investigated by depositing hydrogenated amorphous silicon nitride
film. The stack of plasma grown silicon oxy-nitride - hydrogenated silicon nitride was seen
to result in better thermal stability as compared to a single layer hydrogenated silicon nitride
film. The plasma ambient used for the growth of the silicon oxy-nitride film was also found
to have a bearing on the surface passivation quality. It was also seen that, the stack of plasma
grown silicon oxy-nitride - silicon nitride was seen to result in an improved emitter surface pas-
sivation. This was seen to result in an improvement in short wavelength quantum efficiency of
the corresponding silicon solar cells. The performance of the solar cell with a plasma grown
silicon oxy-nitride - silicon nitride stack as the front surface passivation layer was found to be
significantly better than what was observed for cells with silicon nitride layer as the surface pas-
sivation layer. V. for cells with the stack based passivation was seen to be ~ SmV higher than
their counterpart with silicon nitride layer as the surface passivation layer. The performance the
plasma grown silicon oxy-nitride - silicon nitride stack as a front surface passivation layer was
compared with that of a stack of thermally grown silicon oxide film - silicon nitride. Compa-
rable solar cell performance was obtained indicating the true potential of the proposed plasma
oxidation process as a front surface passivation layer.

An inert gas + nitrous oxide plasma treatment of silicon nitride film was seen to make the
film more robust to Ni - Cu electroplating baths. The improved robustness, translated into a

decrease in residual plating of Ni - Cu on the pin holes in silicon nitride film. The plasma treat-

151



ment process was seen to alter the surface chemistry of the silicon nitride film by incorporating
more oxygen on the surface. However, FTIR measurements revealed no significant changes in
N - H, Si - H or Si - N bond intensity of the silicon nitride film following plasma treatment.
Investigations into the impact of the plasma treatment process on the surface passivation quality
of silicon nitride film threw up very interesting results. A significant improvement in minority
carrier lifetime (260 us to 864 us) was obtained following an Ar + N;O plasma treatment of
silicon nitride film. The improvement in lifetime was seen for various plasma ambient, and was
seen to dependent on the duration of plasma exposure. The improvement in lifetime was also
observed on both p-type and n-type wafers. Further investigations to understand the mechanism
behind the lifetime enhancements were carried out. It was concluded from these experiments
that the improvement in minority carrier lifetime was predominantly brought about by the sub-
strate annealing during the plasma treatment process.

In the final part of the thesis, novel processes for the fabrication of inverted pyramids on
silicon is discussed. The process described relies on using a blistered silicon nitride film as the
etch mask. The chapter also discussed in detail about the underlying mechanism behind blister
formation in silicon nitride films. The impact of various process conditions, surface treatments,
and anneal conditions on the blister formation in silicon nitride was also discussed. The chapter
also discussed about a plasma pre treatment step which not only improved the surface cover-
age of blisters formed but also lowered the temperature of blister formation. The process was
found to result in inverted pyramidal structures which showed a higher value of reflectance as
compared to what have been reported previously for random pyramidal texturing. The chapter
concludes with a discussion on the potential of the proposed process for the fabrication of sub
micron inverted pyramids on silicon, which may pave the way for further reduction in weighted
average reflectance. Another novel approach involving colloidal lithography and boron etch
stop was also discussed as a potential candidate for fabricating nano pyramids on silicon sur-

face.

9.1 Future directions and process improvements

e Plasma grown films for surface passivation of silicon surfaces

Efficacy of the plasma oxidation process for emitter surface passivation needs to be ver-

ified for baseline silicon solar cells with higher efficiency. The presence of a dead layer
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in the emitter plays a significant role in degrading the quantum efficiency of the solar
cell close to the emitter surface. Dead layer removal through etch back or high sheet re-
sistance emitter based processes are potential route towards performance improvements.
Further reduction in the front contact dimension is also proposed for further performance

improvement.

Ultra thin silicon oxide films have developed lot of interest in the area of passivated con-
tacts. The potential of growing ultra thin films in plasma ambient maybe investigated and
its application in passivated contacts is an area that maybe pursued in future. A com-
parison between ultra thin oxides grown in HNO3, UV/O3 and plasma ambient maybe

interesting from a technology perspective as well.

Post treatment of PECVD silicon nitride films

The combined potential of a Ar + N,O plasma pre treatment and post treatment step
towards reducing background plating in Ni - Cu metallisation needs to be investigated
further. Impact of plasma post treatment of silicon nitride based dielectric stacks like
SiOy - SiN and Al,Oj3 - SiN can also be further investigated for application in rear surface
passivation. With further development in low temperature Ni - Cu based PERC solar cell
process, the post treatment process maybe integrated for background plating reduction as

well as for improving the surface passivation at the rear and front surface of the solar cell.

Inverted pyramidal texturing through blisters in silicon nitride

Fabrication of inverted pyramids using sub micron sized blisters need to be investigated.
This would require thinner films as was indicated in chapter 8. However, using thinner
films as an etch mask can be challenging, as the plasma CVD silicon nitrides are not etch
resistant to the anisotropic etchants like KOH/TMAH. One potential way to address the
etching of silicon nitride films would be to use a plasma post treatment step like the one
described in chapter 7, on the blistered silicon nitride films. Higher plasma power and
substrate power can result in significant increase in film density, which can reduce the
etch rate [149]. Another aspect, that can be investigated would be the impact of inert gas
plasma treatment step on the coverage of blisters for lower silicon nitride film thickness.
The use of the blisters as a template for fabrication of other nanostructures like nanowires

or nano dots can also be a subject of further investigation.
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For fabricating inverted nano pyramids in silicon, colloidal lithography needs to be in-
vestigated further as a potential candidate. One such example was described in chapter
8. However, the process outlined in chapter 8, involved an ion implantation process and a
high temperature activation step, which might increase the cost of production. However,
other approaches to replace the implantation process would involve metal deposition like
the one described by Sun et al. [103]. Replacing the vacuum evaporation system with
a chemical process based on electroless Ni plating can significantly lower the cost of

production.
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Appendix A

Simulation and MATLAB codes

A.1 Simulation of surface passivation

Compute n,, p, for steady
state illumination, for fixed Q;
using PC1D

Calculate recombination rate N

using the SRH equation

Calculate SRV at An = 105 ¢m3

Fig. A.1: Flow chart for simulating impact of N;; and Q7 on S, ¢¢.

Relevant equations

2
pn—n;

n+nj p+pi
Sp + Sy

Us = (A.1)

where S,, = 6,N;;v;, and S, = 0,N;;v;j,, where N;; represents the trap density at the surface in

cm™2. Sy, S p are the surface recombination velocity for electrons and holes respectively. p and
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n represent the excess carrier density [23]. Ignoring the n;?, Eqn modifies to

ST on+m

pn
ptp1
S, S,

(A.2)

The effective surface recombination velocity (S, ) is calculated from Uy using the relation:

An is the injection level. In the simulations described in the thesis, An = 105 cm™

Us

Setf =7,

Table A.1: Parameters used for calculating excess carrier density

Parameter Value |
Wafer thickness 1 um

Front surface texture S um
Anti-reflective coating 75 nm, RI - 2.0
Emitter contact resistance 1 uQ

Base contact resistance 1 uQ

Shunt resistance oo

N - type substrate doping 2.382x10"° cm ™3
Bulk lifetime I ms
Excitation mode Steady state
Temperature 300 K

Steady state intensity 0.1 W/cm?
Steady state wavelength 300 nm

Fixed charge density 1019 - 10'? cm™2 (varied)

MATLAB Code

breaklines

%computation for a n-type wafer

clc

clear all

x=xlsread(’doping.xlsx’,’1e20’) %input file with ns, ps for Qf

Charge_density
Ns = x(:,2);
Ps = x(:,3);

x(:,1);

len = length (Ns);

Vth = 2.0%10°7; %in cm/s

Dit = input (’Enter Nit in cm-2 ’) s
sigma_n = 107-16;

sigma_p = 107-16;
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Sn = Dit*Vth*sigma_n;

Sp = Dit*Vth*sigma_p;

Us = zeros(1l,len);

for i = 1:1len

denom(i) = (Ns(i)/Sp+Ps(i)/Sn); %computation of Us
num(i) = Ns(i)*Ps(i);

Us(i) = num(i)/denom(i);

end

Seff = Us/(1%10715);
Seffl = Seff’;

loglog(Charge_density, Seff);

A.2 Extraction of interface state density and fixed charge in
the dielectric from high frequency capacitance - voltage
curves

The relevant equations and methodology used for the extraction of interface state density and
fixed charge density was discussed in detail in section. 4.6 of the thesis. The MATLAB code

shown below is just an implementation of the same.

breaklines
% CV Extract

clc

%Constants

Esi = 11.7%8.85%x10"-14;
B = 0.026;

ni = 1.5%10°10;

q = 1.6%x10"-19;

% Computation of Substrate Doping Concentration
C1 = input (’Enter Cmax ’);

C2 = input (’Enter Cmin ’);

Area = input (’Enter Area of the capacitor ’);
Cmax = C1/Area;

Cmin = C2/Area;

Cshf = (Cmax*Cmin)/(Cmax-Cmin);

Xd = Esi/Cshf;

=
»
Il

10714
for i = 1:0.5:1074
ind = length(i);
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LHS (1:ind)
RHS (1:ind)

if (abs (LHS (ind) -RHS (ind))<0.5)

Na=Nax*i

break
else

continu
end

end

>

e

log(ni)+((Xd~2xix*xNax*q)/(4*Esi*B));

log(Naxi);

phiB = Bxlog (Na/ni);

debyelength

((BxEsi)/(q*Na))~0.5;

CsFB = Esi/debyelength;

CFB = (Cmax*CsFB)/(Cmax+CsFB);
XMG = ((2*Esi*phiB)/(g*Na))~0.5;

CsMG = Esi/XMG;

CMG = (CsMG*Cmax)/(CsMG+Cmax) ;

uCMG = AreaxCMG;

disp (uCMG)

VMG = input (’Enter the mid gap voltage

>

phiMS = -(0.55+phiB);

VMGideal =

deltaV = VMGideal - VMG;
Qox = 6.25%10"18xCmax*deltaV; %Computation of fixed charge density

disp (Qox);

% Computation of interface trap density

Gm = input (’Enter the maximum value of conductance
Cm = input (’Enter the value of capacitance Cm ’);

f = input (’Enter the frequency of operation in Hz

w = 2xpix*f;

Cml = Cm/Area;

denom = (Gm/(w*C1))~2 + (1-Cm/C1)~2;

num = Gm/w;

Dit

disp (Dit);

phiMS + phiB + (g*Na*XMG/Cmax);

(2/(q*Area))*(num/denom) ;
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Appendix B

Process recipes for solar cell fabrication

Saw damage removal

Tool: Wet chemical bench

2% HF dip - 240 ml of HF (49% HF), DI water - 5760 ml, 30 s.

DI water rinse

KOH - 1200 gm in 6000 ml of DI water, process temperature = 80°C, time = 3 min.

DI water rinse following the process.

Texturization

Tool: Wet chemical bench

2% HF dip - 240 ml of HF (49% HF), DI water - 5760 ml, 30 s.

DI water rinse.

KOH - 150 gm in 6000 ml of DI water, IPA - 480 ml of IPA, process temperature = 80°C,

time = 40 min.

DI water rinse following the process.
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RCA cleaning

Tool: Wet chemical bench
e 2% HF dip - 240 ml of HF (49% HF), DI water - 5760 ml, 30 s.

e RCA1 - NH4OH:H;0,:DI water in the ratio 600ml:1200 ml:4200 ml, 80°C, 20 min on

heater and 20 min off heater.
e DI water rinse and 2%HF dip followed by DI water rinse.

e RCA 2 - HCI:H,0O,:DI water in the ratio 600ml:1200ml:4200ml, 80°C, 20 min on heater

and 20 min off heater.

e DI water rinse and 2%HF dip followed by DI water rinse.

Diffusion
Tool: Diffusion furnace, Protemp
e Load in: 450°C, 2 min, N, = 1 SLPM.
e Ramp up: 875°C, 12 min, N, = 8.15 SLPM.
e Idle: 875°C, 5 min, N, = 8.15 SLPM.
e Oxide: 875°C, 5 min, N = 8.15 SLPM ,0, = 0.45 SLPM.
e Ramp down: 840°C, 10 min, N = 8.15 SLPM.
e Stabilise: 840°C, 5 min, N, = 8.15 SLPM.

e POCl; deposition: 840°C, 20 min, N, = 8.15 SLPM, O, = 0.45 SLPM, POCl;z = 0.45
SLPM.

e Purge: 840°C, 5 min, N = 8.15 SLPM.
e Drive in: 840°C, 36 min, N, = 8.15 SLPM, O, = 0.45 SLPM.
e Ramp down: 750°C, 12 min, N, = 8.15 SLPM.

e Load out: 750°C, 5 min, N, = 8.15 SLPM.
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e Ramp down: 450°C, 20 min, N, = 8.15 SLPM.

e Idle: 450°C, N, = 1 SLPM.

Edge isolation

Tool: NT2 plasma etcher, BSET EQ

e SF¢ - 27 sccm, 45 min, 200 mTorr, RF - 450 W, 0.5 rpm.

PSG removal

Tool: Wet chemical bench
e 2% HF dip - 240 ml of HF (49% HF), DI water - 5760 ml, 5 min.

e DI water rinse

Silicon nitride deposition

Tool: PECVD 100, Oxford instruments

e SiHy: Ny :: 25 scem : 980 sccm, NH3 = 20 sccm, 6 min, 380°C, 650 mTorr, 20 W.

Screen printing

Tool: Screen printer, Haikutech

e Front contact printing: Finger width - 80 ttm, bus bar width - 1.5 mm, Squeegee pressure

- 0.14 MPa, Snap off - 1.5 mm.
e Back contact printing: Squeegee pressure - 0.14 MPa, Snap off - 1.0 mm.

e Drying: 250°C, 7 min.
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Contact firing

Tool: RTP, Allwin systems
e Delay: 0°C, N, = 10 SLPM, 30 s.
e Ramp up: 300°C, N, =2 SLPM, O, =3 SLPM, 7 s.
e Steady: 300°C, N, =2 SLPM, O, =3 SLPM, 2 s.
e Ramp up: 400°C, N, =2 SLPM, O, =3 SLPM, 20 s.
e Steady: 400°C, N, =2 SLPM, O, =3 SLPM, 1 s.
e Ramp up: 850°C, N, =2 SLPM, O, =3 SLPM, 8 s.
e Steady: 850°C, N, =2 SLPM, O, =3 SLPM, 1 s.

e Delay: 0°C, N, =2 SLPM, O, =3 SLPM, 240 s.

Other silicon nitride and silicon oxy-nitride recipes

Recipe for plasma oxidation described in section. 6.1

Tool: PECVD 100, Oxford instruments
e N,O =200 sccm, time = 5 - 40 min, 380°C, 1000 mTorr, 10 W.

Recipe for plasma oxidation described in section. 6.2

Tool: PECVD 100, Oxford instruments
e N>,O =20 sccm, Ar = 180 sccm time = 5 - 40 min, 380°C, 1000 mTorr, 10 W.

Silicon nitride film labelled SiN described in chapter 7
Tool: PECVD 100, Oxford instruments

e Bottom layer: SiHy: Ny :: 50 sccm : 50 sccm, NH3 = 50 sccm, Ar = 40 sccm, 1 min,

380°C, 650 mTorr, 20 W.

e Capping layer: SiHy: Ny :: 25 sccm : 980 scem, NH3 = 20 scem, 5:30 min, 380°C, 650
mTorr, 20 W.
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Single layer silicon nitride flim labelled SiN,:H, described in chapter 7
Tool: PECVD 100, Oxford instruments

e SiHy: Nj :: 25 scem : 980 sccm, NH3 = 20 scecm, 6:00 min, 380°C, 650 mTorr, 20 W.

Recipe for post deposition plasma treatment of silicon nitride described in chapter 7

Tool: PECVD 100, Oxford instruments

e N>O =20 sccm, Ar = 180 sccm, time = 10 min, 380°C, 1000 mTorr, 10 W.
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