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ABSTRACT

Today, most of the photovoltaic cells in the market are made of silicon. Great achievements are
being attained every year in terms of reducing the price of this kind of cells and improving their
efficiency, reliability and durability. However, further improving the cell performance is a chal-
lenging task because of the presence of optical, recombination and resistive loss mechanisms in

the cell. This work is focused on the measurement and mitigation of these losses.

Mitigation of the optical, recombination and resistive losses at first require quantifying those losses
and their impacts on the cell performance metrics accurately. Traditionally, solar cells have been
measured using characterization techniques like current-voltage, and Suns-V ¢, which express the
performance metrics in terms of the global cell parameters for the entire cell. However, solar cell is
a large area device and different parts on a cell produce different amount of electricity because of
the nonuniform distribution of the crystalline defects over the cell and the process variations. Spa-
tial distributions of the cell parameters are valuable because they provide the in depth information
about the root causes behind the performance drop of a cell, and points to its remedy. Camera based
luminescence imaging and point by point measurement of quantum efficiency and reflectance on
the cell are used in this work to find the spatial distribution of the parameters. A new method
of parameter imaging is implemented by incorporating the quantum efficiency scanning with the
luminescence measurement. A comprehensive methodology to evaluate losses and process vari-
ations in silicon solar cell manufacturing is also presented here. The nature of the distributions
and correlations in this study provide important insights about loss mechanisms in industrial solar

cells, helping to prioritize efforts for optimizing the performance of the production line.

As an effort to mitigate the optical, recombination and resistive losses in the silicon solar cells,

self-assembled multifunctional nanostructures are developed. These nanostructures can reduce
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the optical losses in the near band edge, thus contribute in increasing the photogenerated current
density. They also contribute in reducing the surface recombination loss by passivating the sili-
con surface. Additionally, they shows promising results in reducing spreading resistance, which

eventually helps the charge transport mechanism in the cell.

An overview of the recent trends and endeavors in silicon photovoltaics is first given, followed by
a chapter on the important concepts in silicon photovoltaics. The next chapter describes the solar
cell manufacturing process and different performance issues related to it. Chapter 4 introduces
different measurement techniques used for quantifying the optical, recombination and resistive
losses. The following chapters present the crux of this work: method developed for measurement

and mitigation of optical, recombination and resistive losses in silicon photovoltaics.
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CHAPTER 1: INTRODUCTION

Today, electricity is a part and parcel of our everyday life. Without electricity we cannot think
of most of the modern amenities we use; from home appliances, to communication media, indus-
try, recreation, and healthcare. The means to produce electricity is limited, although the global
energy consumption is rapidly increasing because of increase in population, rising prosperity and
improvement in quality of life. Traditionally the major portion of the total electricity has been pro-
duced using the fossil fuels like coal, oil, and natural gas. However, there are two serious risks in
using fossil fuels. First, their reserve being limited, they are diminishing day by day posing threats
to the advancements of the future human civilization. This necessitates the quest for sustainable
alternatives. The second risk is on our existence. We have already seen the negative consequences
of burning fossil fuels on our environment. We must focus more on developing renewable energy
sources to combat problems like global warming, climate change, diseases and natural calamities
occurring due to environmental pollution. It is great to see that global renewable energy production
has been rising rapidly in the recent years as illustrated in figure 1.1. Also, thanks to the recent fact
sheet published by the White House, the United States has set a target of reaching 100% carbon

free electricity generation by 2035 [3].

Solar, wind, water, geothermal and bio-energy are the notable renewable energy sources. As com-
pared to fossil fuels, these renewable energy sources are unlimited and available in nature. Solar
energy is of the greatest potential among these sources. It has appeared as the most rapidly grow-
ing renewable energy source, although it is still behind the wind energy as depicted in figure 1.2.
There are several reasons behind solar energy’s rapid growth. Firstly, solar electricity can be pro-
duced anywhere. Secondly, solar panels are simpler to install in comparison with wind turbine or
hydro-power dams. Thirdly, the operation is silent as no mechanical motion is involved. Fourthly,

the systems have longer lifespan. Fifthly, lesser maintenance is required than it’s other renewable
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Figure 1.1: Global energy generation trend over the recent years (reproduced from [19]). X-axis
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energy counterparts.

The light coming from the sun is the most abundant energy resource on earth. In a given year,
roughly 885 million terawatt-hours (TWh) of solar energy reaches the earth’s surface [87], which
is 5277 times greater than the energy consumed by mankind in 2018 [2] and 4200 times the energy
human civilization would need in the year 2035 [10]. The sunlight that falls on earth in just 1 hour
and 25 minutes would be sufficient to meet the global energy demand in a whole year, if the full

potential of that sunlight could be utilized.

Despite having huge potential, only a small portion of solar energy is utilized to generate electricity.
As of the year 2021, global solar electricity share is only 3.2% [19], which was even lower in the

previous years. The main reason behind this was the high installation costs of the photovoltaic
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Figure 1.2: Renewable energy trend over the recent years (reproduced from [19]). Y-axis represents
the energy produced in TWh and X-axis represents the years

(PV) systems, although there is no fuel cost associated with solar electricity. In contrast, the coal,
oil and natural gas based powerplants being established many years ago were selling electricity
at a cheaper price. However things have been changed drastically in the recent years. Thanks to
the public awareness about the environment and the government subsidies PV industry received
initially. With the initial frameworks completed and the remarkable advances in PV technologies
by the academic and industrial research, the last couple of years have seen a huge decline in the
PV electricity price. Figure 1.3 illustrates that the solar electricity continues to decline for all the
residential, commercial, and utility-scale PV systems; the decline is driven largely by both the

increased module efficiency and lowered hardware costs. PV energy conversion has appeared as
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Figure 1.3: NREL PV system cost benchmark summary (inflation-adjusted), 2010-2020. Y-axis
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the cheapest source of electricity recently [44]; even cheaper than the fossil fuel based electricity
generation. Today, utility-scale PV (fixed-Tilt) electricity costs less than 0.94$ per W(DC). In
2020, the global PV market size was USD 170.55 billion, which is expected to reach USD 293.18
billion in 2028 [4].

Sunlight is abundant on earth and PV cells can convert the incident photons into electricity. A
wide variety of materials are used for making PV cells. These are organic materials, perovskites,

III-V semiconductors, Silicon (Si) etc. Although all these materials follow a similar light-matter



interaction principle for photo-current generation, Si has appeared to be the most used material
for PV cell manufacturing. Today more than 95% PV cells in the market are made of Si [133].
There are several reasons behind this dominance. Firstly, Si is the second most dominant material
on earth. Secondly, there is no concern of toxicity in using Si. Thirdly, Si has a bandgap which
is very close to the optimum bandgap required for solar electricity generation at AM 1.5G solar
spectrum. Moreover, it leverages from the technologies already developed in the well-established

semiconductor industry.

The most influential factor in the solar electricity price calculation is efficiency of the cell. The
module manufacturing and installation costs being almost saturated, the price in dollar per watt is
heavily influenced by the efficiency of the cell. Figure 1.4 demonstrates the increase in crystalline
silicon solar cell efficiency over the years. Thanks to the efforts of the academic and industrial
researchers. The present world record of the silicon solar cell efficiency is 26.7% [173] with a
heterojunction structure, when the highest efficiency limit of such a cell is about 30% [140] at
AM 1.5G solar spectrum. The difference between the practical value and the Shockley—Queisser
limit could be reduced to a great extent by mitigating optical, recombination and resistive losses
occurring in the solar cells. The next important area of research that contributes to reducing the
electricity price is the development of less expensive manufacturing processes and better measure-
ment methods that is crucial for in line testing of the quality of the cells and modules produced.
There is also another arena of PV research that is helping reduce the solar electricity price signif-
icantly. Currently the average lifetime of a PV cell is about 20 years and performance of a cell
keeps degrading over its life span. Therefore, if the the degradation pathways are identified and

stopped, the total throughput of a PV system increases and it leads to a lower dollar per watt.

The main fuel of a PV cell is the photons coming from the sun and being incident on it. The wave-
length of these photons ranges from ultraviolet to infrared domain, including the visible domain.

However, not all the incident photons can enter the cell, because part of it is reflected by the front
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surface of the cell. Also, not all the photons entering the cell can be absorbed by it and converted
to electron-hole pair, because only the ones having energy more than the bandgap of the material
can be absorbed (for Si, it is 1.1 eV, or in other terms 1129 nm), considering a thick enough cell.
However, because of the price constraints, cells are not made very thick, as a result the cells cannot
utilize all the photons incident on it (optical loss). Because Si solar cells are made of thin silicon
wafers sliced from Si ingots, the dangling bonds on those wafers leads to surface recombination
loss in the cells. Different other nonradioactive recombination loss also occur in a cell due to the
presence of the crystalline defects, dislocation centers, etc. Another form of loss occurs in a cell
called resistive loss which occurs due to the non-zero resistance the photogenerated carriers (i.e.,
electrons and holes) face when they are extracted from the cell to the external circuit. All these
losses contributes to the reduction in the efficiency of a cell and steps must be taken to mitigate

them in order to obtain a high efficiency cell.



Efficient and quicker measurement methods play important role in the efforts to manufacture high
efficiency and low cost solar cells. The manufacturing process of a solar cell is complex and com-
prises of many steps taken at controlled environment. In each of these steps they are measured
and inspected for flaws. In an event when a wafer or cell does not pass the threshold, it is imme-
diately discarded to avoid further use of resources for it when it is obvious that that cell is going
to be invalid. Outside of these in-line measurement, performance monitoring of a cell or module
(which is basically a group of cells working together) is also crucial to detect issues like cracks,

and degradation.

In this work, new methods of measuring solar cells and modules are developed based on the lumi-
nescence and quantum efficiency characteristics. These methods are utilized to evaluate losses and
process variations in a large number of cells and modules. A novel method of mitigating the opti-
cal, recombination and resistive losses is also developed, which shows the potential of increasing

solar cell efficiency. These works are presented in the next chapters.



CHAPTER 2: IMPORTANT CONCEPTS IN SILICON PHOTOVOLTAICS

A solar cell produces voltage and current by absorbing photon and then converting it into electricity
through a process called photovoltaic effect. This effect was originally demonstrated by Edmond
Becquerel in 1839 and the first solar cell with a poor efficiency was made of selenium covered with
a thin film of gold. Today solar cells are made of numerous materials, silicon solar cells being the

dominant in the market.

The photovoltaic effect and the amount of the electricity produced depends on several complex
mechanisms related to light-matter interaction, band to band transition, recombination processes
and carrier transport. It is crucial to study and understand the structure and underlying physics of

solar cells in order to engineer them to be highly efficient.

Sunlight

Light from sun is the major source of energy on earth. Sun is a giant sphere filled with hot plasma,
which is continuously radiating a huge amount of energy in every direction. The radiation is
isotropic in nature. However, because of the great distance it travels (approximately 150 million
kilometers) before it reaches the earth, only the light that travels directly towards the earth’s surface
reaches it. With the temperature of 5777K on its surface, the sun can be considered as a black body.

Therefore the energy density on sun’s surface, Wy can be calculated using Stefan-Boltzmann law,

W, =oT?* 2.1)

Here, o is the Stefan-Boltzmann constant (5.67x103 Wm=2K~%). Putting 7=5777K in equation
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Figure 2.1: The relative position of sunlight in the electromagnetic spectrum

2.1, we find that an enormous amount of 63.15 MW power emits from just one square meter
area on sun’s surface. This after spreading much and facing lots of attenuation along the way
when reaches earths atmosphere, the energy density falls into a number 1353 W/ m? [67]. On the
earth’s atmosphere it further experiences reflection, scattering and absorption. Therefore when it
reaches sunlight directly, the energy density falls to about 1000 W /m?. Figure 2.2 illustrates the
solar spectrum at different distance from earth’s surface. The extraterrestrial solar spectrum (also
known as AMO) represents the solar spectrum outside of the earth’s atmosphere. The global tilt
(also known as AM1.5G) and direct+circumsolar (also known as AM1.5D) are solar spectrum on
earth’s surface, both of them suffering from atmospheric absorption in certain wavelength regions
(i.e., dips in the spectrum). When the direct+circumsolar spectrum only accounts for the direct

illumination, the global tilt spectrum includes the diffuse component as well.

Light is an electromagnetic wave whose wavelength lies between gamma rays and radio waves.
The radiation from sun ranges from 200 nm to 2500 nm wavelength. However, most of the solar
energy lies in the visible wavelengths (400-700 nm). Its amazing that rod and cone cells in our

eyes are sensitive to this wavelength range.
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Figure 2.2: Solar irradiance at different distance from earth’s surface (courtesy of ASTM Interna-
tional [101])

In the particle model of light, it consists of discrete energy packets called photons. Photons are
mass-less and charge-less entity that interact with matters and discrete particles ((e.g. electrons,
atoms and molecules)) on their way. The wave-particle duality of light allows us to calculate the

energy of a photon E using this equation,

E=— 2.2)
Here, h is the Planck’s constant (6.625 x 10 34 Js), ¢ is the speed of light in vacuum (2.998 x 10 8
ms~1), and A is the wavelength of light. This equation expresses photon energy in Joules.

However, is is very common to express photon energy in electron-volts (eV) as well. One eV is
the energy acquired by an electron when it is accelerated through a potential difference of 1 V (1

eV =1.60218 x 10 19 J).
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Solar Cell Structure

In simplistic view, a solar cell is semiconductor device that is made by sandwiching n-type emitter
with a p-type base layer. Here, the n-type and p-type layers could be either the same material or
different materials. The ones with different materials are called heterojunction solar cells, and the
ones with the same material is called homojunction cells. The emitter of a solar cell is usually made
of higher doping but lesser thickness than the base layer. Figure 2.3(a) illustrates the schematic
of a cell. The front side of a cell is usually textured to reduce front reflection loss. In addition
to texturing, an anti-reflection coating (around 70 nm) is also used to suppress the front reflection
further. Front and rear contacts are fabricated to collect the photogenerated carriers (i.e. electrons

and holes).

A solar cell is made by sandwiching an n-type emitter with a p-type base layer. The emitter is
made of higher doping but lesser thickness than base layer. Sunlight enters into the cell from the
emitter side. An antireflection (AR) coating layer is used to minimize light reflection into the cell.
Without this layer, much of the light would bounce off the surface of the cell. While designing an
AR coating layer, the refractive index and the thickness of the material are the two most important

things to be considered.

Figure 2.3(b) demonstrates the front side of a practical silicon solar cell. The area of such a cell is
15.6 cm x 15.6 cm and thickness is 180 um. As depicted in the figure, metallic gridlines (usually
made of Ag) with an width of approximately 60 um is fabricated on the front side to collect the
carriers. These gridlines are connected to a wider contact path called basbar. Based on grid design,
number of basbar varies from 2 to 5. They transfer the collected carriers to the external circuit. In
the zoomed in view of the front side, gridlines are oriented vertically and two basbar are oriented
horizontally. In a typical industrial Si solar cell, the front metal contacts block around 5% of the

incident light [89, 90]. The entire rear side is usually covered by the rear side contact. Since the

11



SiN Ag front contact

BRRARRAN

n* emitter
(a) Mutti p-Si
iBSF
Al rear contact
(b) | | | | | |

Figure 2.3: Solar cell structure (a) schematic (b) a practical silicon solar cell

entire rear side is metalized, the conductivity of the metal does not have to be as high as of Ag.

Using Al provides sufficiently low resistance in the rear contact.

Semiconductor Physics

Solar cell is a semiconductor device capable of absorbing light and transforming it into electric-
ity. This transformation happens though a complex light matter interaction involving absorption,
electron-hole pair generation, recombination and carrier transport mechanism. It is crucial to study
and understand the underlying semiconductor physics of solar cells for engineering them to be bet-

ter.
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Band Structure and Bandgap Energy

The electrons of an isolated atom occupy the atomic orbitals having discrete energy levels. When
two such atom form a diatomic molecule, their atomic orbitals overlap. According to Pauli exclu-
sion principle, no two electrons can have the same quantum number. Therefore an atomic orbital
in such a molecule splits into two molecular orbitals of different energy levels and electrons now
occupy these new orbital structure. In a crystal lattice a large number of atoms are bonded with
each other by covalent bonds. Comparing with the diatomic molecule, Pauli exclusion principle
for a crystal lattice suggests that there are a large number of energy levels that an electron occupy.
The energy of the neighboring levels are very close to each other and can be treated as a band of
energies. It is worth mentioning here that the formation of the bands is an aspect related to the
electrons on the outermost shells, as these are the electrons whose orbitals overlap the most when

the atoms bond with each other; the inner orbitals do not affect much.

Now, at absolute zero temperature, all the outer shell electrons (also called as valence electrons) of
a semiconductor crystal are tightly bound to the nuclei. They cannot conduct and the semiconduc-
tor acts as an insulator. In this situation, all the electrons lie in the valence band and no electron
in the conduction band. In case of the nonzero temperature, some of the electrons are excited due
to the thermal energy and can move along the crystal; in other words, these electrons occupy the
conduction band. Because of the finite width of the energy bands, there appears certain range of
energy which no electron can occupy. This range is called the forbidden energy gap or bandgap
energy of the semiconductor. The lowest energy level in the conduction band is denoted by E; and
the highest energy level in the valence band is denoted by E,. Therefore, the bandgap energy of a
semiconductor,

E,=E.—E, (2.3)
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Bandgap energy is the lowest energy required to make a transition from valence band to conduction
band. This required energy can be provided in the form of light, heat, etc. In the semiconductor
materials, the band to band transition can occur in two different ways. Based on the transition
process semiconductor materials are classified into two types: direct bandgap and indirect bandgap

semiconductor.

Direct and Indirect Bandgap Semiconductor

It was mentioned earlier that the energy-momentum (E-P) relation follows a parabolic curve. Direct
bandgap semiconductors are those semiconductor materials in which the valley of the conduction
band and the peak of the valence band lie in the same momentum, as illustrated in figure 2.4(a).
Band to band transition are easy in such a material; if suficient energy (greater than the bandgap
energy) is provided to an electron in the valence band, it reaches the conduction band leaving
behind a hole in the valence band (in other words, it starts conducting). Examples of direct bandgap
semiconductors are InAs, GaAs, GaP, CdTe, etc [87]. An indirect bandgap semiconductor on the
contrary is little different. The peak of the valence band and the valley of the conduction band
are not lined up in the same momentum (figure 2.4(b)). Therefore, a band to band transition is
not certain even though sufficient amount of energy is provided to the electron in the valence
band. An electron can achieve the momentum required through either phonon (lattice vibration in
simplistic view) absorption or phonon emission. Si and Ge are two well known indirect bandgap
semiconductors. Because of the dependency on phonons, the band to band transition rate is lower

in indirect band semiconductor than the direct band semiconductors.
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Optimum Bandgap for Single p-n Junction Solar Cell

Efficiency is the parameter of most interest in a solar cell. There are a wide variety of materi-
als in nature, both direct bandgap and indirect bandgap type, which can be used to make solar
cells. Therefore it is important to identify the most promising material that can provide the high-
est efficiency. William Shockley and Hans J. Queisser conducted a theoretical study in 1961 that
established the relationship between the efficiency and the bandgap of the material, and calculated
the highest possible efficiency [149]. They made the assumption that every incident photon that
has the energy higher than the bandgap of the material is absorbed by that material and it produces
one electron-hole pair. With this assumption, the ultimate efficiency of a single junction solar cell

N can be expressed as,
_ hve Oy

P (2.4)
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Here, h is the Planck’s constant, V, is the frequency representing the bandgap energy. Qg is the
photon flux, counting only those photons which has energy more than the bandgap energy and P
is the total input power. The ultimate efficiency of a p-n junction solar cell is plotted in figure 2.5.
We notice that the maximum efficiency of 43.9% could be achieved using a material of bandgap
energy 1.24 eV. This is very close to the bandgap energy of Si (1.12 eV). The ultimate efficiency
calculation does not consider the radiative recombination in the semiconductor materials, which is
an inherent property. The efficiency with the consideration of radiative recombination is widely
known as the Shockley—Queisser efficiency limit. As illustrated by the green curve in figure 2.5,
the Shockley—Queisser limit for Si solar cells is 33.4%. The efficiency of solar cells for other
materials are also denoted in the figure. We see that Si is the ideal material for solar cells. There
has been a recent study which reevaluated the efficiency limit with the considerations of Auger

recombination and the intrinsic carrier concentration [140]; these considerations were missing in
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the previous studies. In this new study, the limiting efficiency of a Si solar cell became 29.43%,
with a 110 um thickness. The current world record of the practical Si solar cell is 26.7% [173]. The
industrial Si solar cells are also approaching this fundamental efficiency limit, with the efficiency
values ranging from 16.5% to 22.5% [168, 17]. Multijunction solar cell structures [95, 155] have
emerged as a way to increase the fundamental efficiency limit associated with a single junction
cell. These multijunction cells use multiple materials with comparable lattice constants, where the
material with the highest bandgap energy absorbs the blue light and the material with the lowest

bandgap energy absorbs light in the infrared region, and so on.

Doping

Doping is a widely used process in optoelectronic devices, which is basically the addition of small
number of foreign atoms to an intrinsic semiconductor. It changes the characteristics of a semi-
conductor material considerably. Depending on what impurity is used for the doping, the doped

semiconductor are called either p-type or n-type.
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Figure 2.7: n-type semiconductor (Si) and it’s band diagram

p-type semiconductor

When a trivalent atom, for example boron (B) is added to the crystal lattice of a semiconductor
material like Si, the three outer shell electrons make bonding with four neighboring Si atoms,
leaving a vacant space as illustrated in figure 2.6. The absence of electron created this way is
called a hole, and the semiconductor (Si in this case) is called a p-type semiconductor. A hole
behaves like a separate, positively charged particle with its own dispersion curve and effective
mass. P-type doping removes some electrons that occupy the top of the valence band states. As a
result, to account for this occupancy change, the Fermi level in the Fermi-Dirac distribution shifts

closer to the valence band as illustrated in figure 2.6(b).

n-type semiconductor

When a pentavalent atom, for example antimony (Sb) is added to the crystal lattice of a semi-

conductor material like Si, the four outer shell electrons make bonding with four neighboring Si
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atoms, leaving a free electron as illustrated in figure 2.7. The free electron created this way can
move along the crystal. The semiconductor (Si in this case) is now called a n-type semiconductor.
N-type doping adds some electrons at the bottom of the conduction band states. As a result, to
account for this occupancy change, the Fermi level in the Fermi-Dirac distribution shifts closer to

the conduction band as illustrated in figure 2.7(b).

Carrier Generation and Transport Mechanism in Solar Cells

A large part of how well a particular material will act as a solar cell depends on its light absorp-
tion capability. The valence and conduction bands overlap in the metals and there is no band to
band transition when sunlight falls on a metal. Therefore, they are not suited for solar cell appli-
cations. The bandgap in the insulators on the other are too high to satisfy for an incident photon.
Semiconductors are great for both light absorption and carrier transport, their electrical and optical

properties being easily engineered by doping, bandgap engineering and other approaches.

The amount of light absorbed by a semiconductor is expressed by its absorption coefficient, «.
Higher value of & means the semiconductor is more absorptive. If light of intensity /y impinges on

a piece of semiconductor then it’s intensity / after travelling certain distance x becomes,

[=Ie ™ (2.5)

Now, o of a material depends on the extinction coefficient (the imaginary part of the refractive
index) of that material, k.

o =— (2.6)

Equation 2.6 shows that the absorption coefficient is a wavelength dependent parameter. Not all the

wavelengths are absorbed by the material in the same rate. One thing is crucial for the absorption
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though, the wavelength of the light has to be such that the photon energy (as written in equation

2.2) is at least equal to the bandgap of the material.

When a photon of energy more than the bandgap energy fall on a semiconductor, the electron in
the outer shell starts conducting leaving behind a hole in the valence band (in other words, the
electrons are excited to the conduction band). These generated carriers move along the semicon-
ductor and they needs to be collected to the external circuit before they loose their energy through
recombination process (described later). In a typical Si cell, the emitter is heavily doped n*, the
base wafer is p doped and the rear side is highly doped p*. This arrangement creates two junctions,
one in the front (n*-p) and the other one in the rear side (p-p*) is a high-low junction. These two

junctions collect the photogenerated holes and electrons respectively.

Now, under external excitation (e.g., illumination), the energy of the electron and hole are charac-
terized by the quasi Fermi energies Egny and Erp. The concentration of electron and hole can be

expressed as,

—(Ec—E

no+An = N¢ exp [(CTFN)] 2.7)
—(Epp—FE

po+Ap =Ny exp [%} (2.8)

Here, ng and pq are the concentration of electron and hole in equilibrium respectively. Also, An =
Ap are the corresponding excess concentration under excitation, k is the Boltzmann constant, and

T is the temperature. Multiplying equation 2.7 and 2.8 we obtain,

—(Ec—E Erny—E
(no+ An) (po+ Ap) = Nc Ny exp [%} exp [%] (2.9)
Or,
(no+An) (po+Ap) = n? exp [W} (2.10)
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Figure 2.8: Band diagram of a 150-um-thick n*pp* Si solar cell in open-circuit conditions hav-
ing negligible recombination at the front n* region and a 10-um-thick p* region at the rear side
(reproduced from [32])

Here n; is the intrinsic carrier density. In equation 2.10, there is no E¢ or Ey term. Therefore,
the maximum open circuit voltage (iVo¢) attainable from a cell depends on the energy of the quasi

Fermi levels, Ery (minority electron quasi Fermi level) and Erp (minority hole quasi Fermi level).

Epny —E
Voo = —IN_ZFP 2.11)
q

Here, q is the charge of an electron (1.6x10~'° Coulomb). The practical implication of this equa-
tion is, even if the energy of a photon causing the band to band transition is very high, the maximum
voltage we can obtain from a cell will be equal to the quasi Fermi level splitting. The band diagram

of a silicon solar cell having p* BSF is illustrated in figure 2.8. Now, the driving force behind the
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electron current is the gradient of the electrochemical potential of electron, which is equa to Ery
[32]. Similarly, the driving force behind the hole current is the gradient of the electrochemical
potential of hole, which is equa to -Erp. Considering the carrier mobility in only x direction, we

can express the electron and hole current as,

dE
Jp = ln 1 diN (2.12)
dE
Jy=t,p d}‘:" (2.13)

Here, U, and p, are the electron and hole mobilities respectively. It worth’s mentioning here that
the gradient of the electrochemical potential is small in the base region (p doped) of the cell and is
limited by the photocarrier generation under standard illumination. However, the gradient his very

high near the rear contact.

Carrier Recombination Process and Pathways in Solar Cells

Not all the photogenerated carriers can contribute to the photocurrent that is extracted, some of
them are lost through recombination processes. An electron in the conduction band of a semicon-
ductor stays in a meta-stable state, which makes it very vulnerable to loss of energy very quickly.
Recombination is the process by which an electron in the conduction band meets a hole in the
valence band and then both of them become annihilated. The annihilation process gives energy
which is either lost or reused, depending on the type of the recombination. In a broad sense,

recombinations can be classified into two types:

1. Radiative recombination

2. Nonradiative recombination
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Figure 2.9: Recombination pathways in solar cells

Radiative Recombination

In the radiative recombination process, the energy from electron and hole annihilation emits in the
form of light, a process very similar to how spontaneous emission works in a light emitting diode.
The energy of the photons emitted depends on the energy of the electron and holes recombined.
The photons emitted, if they have sufficient energy, can excite electrons sitting in the valence band

again.

The rate of radiative recombination R,,; can be expressed as,
Ryaq = B(pn—n?) (2.14)

Here B is called the radiative recombination constant, n; is the intrinsic carrier concentration, and
n and p are the concentration of free electrons and holes respectively. From this equation, we

understand that increasing the electron and hole concentration increases radiative recombination.
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Nonradiative Recombination

In this type of recombination, no photon is emitted due to the annihilation of the electrons and
holes, rather the energy is lost through excitation of phonons (i.e., lattice vibration). Nonradiative

recombination can further be classified into two types:

(a) Shockley-Read-Hall recombination

(b) Auger recombination

Shockley-Read-Hall Recombination

It is very common to have crystalline defects, dislocation centers and traps in the solar cell and
the wafers they are made from. When an excited electron conducting in the semiconductor meets
such a defect, dislocation center or trap, it loose its energy through phonon emission. This kind
of recombination may occur both on the bulk of the semiconductor, or the unpassivated surfaces

where there are danging bonds.

Auger Recombination

The Auger recombination is similar to the radiative recombination, except the fact that the emitted
energy is given to another carrier in the conduction or valence band. This carrier (either electron
or hole) then relaxes through thermal loss. The rate of the Auger recombination can be written as
[151],

Ryaa = (Cnn + Cpp) (pn - nIZ) (2 15)

Here, n is the free electron concentration, p is the free hole concentration. C, and C, are the

Auger coefficients. We come to the conclusion that, if carrier concentration increases due to either
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excessive doping or increased intensity of the incident light, Auger recombination increases. This
process is the dominant recombination pathway in the emitter as it’s doping level is relatively

higher than the base region.

Minority Carrier Lifetime

In the solar cell operation, minority carriers (electrons and holes) are accumulated in two differ-
ent sides of the cell. Since these carriers stay in a meta-stable state, they can loose their energy
through recombination. So, they have to be extracted from the cell before they recombine. The
time between the generation of the carriers and their recombination is called the minority carrier
lifetime, or just carrier lifetime. It is a very important parameter that heavily influences solar cell

performances.

In a material where the number of minority carriers is less than the doping (called a low level
injection material), carrier lifetime 7 is directly proportional to the excess carrier concentration An

and inversely proportional to the recombination rate R.
T=— (2.16)
However, as described earlier, recombination may occur through different pathways. Therefore,

the minority carrier lifetime can be expressed as,

1 1 1 1 1 1
o - 4 (2.17)
T Irad  nonrad Trad  ISRH tAuger

Also, recombination occurs in both the surface and the bulk of the semiconductor. The lifetime
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can also be expressed as following,

1 1 1

T Thulk tsurface

(2.18)

Solar Cell Optics: Photon Management

Need for Photon Management

An important solar cell performance metric, short-circuit current density (Jsc) is proportional to
the number of photons absorbed by the absorber material (eg., Si). A planar Si surface reflects
about 30% to 50% of the incident light depending on the wavelength. This huge portion of the
incident light cannot be absorbed by the cell and converted into electricity. Therefore necessary
mechanisms have to be deployed in order to reduce the reflectance of the front side of the cell. Now,
silicon is an indirect band-gap material, which makes its absorption coefficient drop rapidly when
the incident wavelength approaches the band gap energy. It means required thickness for absorbing
all the photons (or in other words, absorption length, L) increases rapidly with wavelength, A. To
illustrate further, for A =800 nm, L=10 um whereas for A =1100 nm L=3 mm [176]. Using a very
thick silicon wafer in the order of 6 mm could ensure absorption of all the light over the band-gap.
However, it is not suitable in terms of both the carrier transport and the cost i.e. photogenerated
electrons and holes now have to travel a greater distance and by doing so they loss their energy
through recombination process. A rear side reflector+deflector that reflects light at an angle greater
than the critical angle solves this problem. It provides the cell with a few more chances of absorbing
the long wavelength photons which were not absorbed in the first pass. The quality of a reflector
is measured in terms of the path length enhancement it introduces. Path length enhancement is
the ratio between the short-circuit current generated from a solar cell with and without the rear

reflector. In practice, a path length enhancement factor of up to 10 can be achieved [128, 13].
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Figure 2.10: Simplified picture of different photon management structures used in the front and

read side of silicon solar cell

Therefore, both the front and rear side light trapping are essential for proper photon management.

Front Side Photon Management Approaches

To enhance the optical transparency of the solar cell, different techniques have been employed on

the front side of the cell, including antireflective coating (ARC), surface texturing and incorporat-

ing resonators. Some of these structures are illustrated in figure 2.10(a).

Single layer dielectric ARC is a simple technique to mitigate the reflectance losses. Owing to

its feasible fabrication process, low price, and added benefit of surface passivation, SiNx ARC is
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widely used in commercial solar cells. The refractive index (n) of crystalline silicon at 550-600 nm
is approximately 4, hence SiNx (n=2) is widely used as the coating material [159, 163]. However,
the optical performance of single layer ARC is wavelength and polarization dependent. Besides,
its angular optical response is limited, which is a crucial drawback in practical applications [165].
A double layer (e.g., ZnS+MgF) ARC coating provides further reduction in reflection. However,

being too expensive, PV industry does not use this approach.

To extend the spectral and angular responses of ARC to a wider range, various approaches have
been studied. Currently these methods can be divided into two categories: patterning on layers
with different materials and direct patterning on the silicon wafer (surface texturing). In these ar-
chitectures, nano or microstructures with gradually varying geometries allow higher transmission.
Unlike traditional single layer ARC, these approaches show broadband (and some of them omni-
directional) optical response due to its graded index distribution and thus destructive interference

of a wide range of wavelengths, which is necessary for solar cells.

Antireflective nanostructures with different shapes have been studied, including nanowires, nanopil-
lars, nanodomes, nanospheres, nanorods and nanocones. For example, Jeong et al. have studied
the performance of an ultra-thin silicon nanocone solar cell [102]. In this study, silicon nanocones
are fabricated on top of a silicon substrate which helped achieve more than 80% external quantum

efficiency (EQE) from 400-800nm incident wavelengths.

Surface texturing is another method of reducing reflection losses. The major difference between
surface texturing and antireflective nanostructure is that surface texturing is directly etched or de-
posited on the substrate, without adding a new layer with different materials. Therefore, surface
texturing has good fabrication simplicity. Similar to antireflective nanostructures, enhanced trans-
mission into the cell is achieved due to altered internal angles and graded refractive index caused

by gradually varying geometry. For example, a nanotextured multicrystalline (mc-Si) solar cell
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was reported by Kafle et al. [104]. In this study, nanotextures are etched on a 195 um thick p-type
mc-Si wafer by dry exothermic plasma etching. Fellmath et al. has reported another AI-BSF c-Si
solar cell with pyramid texturing on the front surface [54]. A cost-effective method of achieving
nanostructure silicon is called black silicon (b-Si) due to its low reflection, which is another can-
didate for light trapping. B-Si has a wide absorption spectrum, especially at visible and infrared
range, rendering high power conversion efficiency of solar power. Savin et al. reported a b-Si solar
cells with interdigitated back contacts (IBC) that mitigates reflection losses on the front side [142].
The b-Si is fabricated by deep reactive ion etching (DRIE). Due to the needle-like silicon textures
with high aspect ratio, an effective medium is formed. As a result, most of the reflection loss is

eliminated.

An alternative approach of improving the device performance is incorporating optical resonators.
When nanoparticles are embedded inside the solar cell, the field distribution is highly confined
in the active layer by the excited resonant modes, thus enhancing the absorption of the incident
photons [35]. However, additional plasmonic absorptions can be induced by metallic nanoparti-
cles. Various materials have been adopted as nano resonators, including dielectric (Mie resonance)
and metallic (plasmon resonance) materials. By applying particles with different sizes, multiple
resonant peaks are excited, thus rendering broadband optical response. Besides, these nanoparti-
cles also scatter light, which extends the length of the optical path inside the active region. For
example, a broadband spherical nanoshell solar cell has been reported by Yao et al. [170]. In this
configuration, a single layer of silicon nanospheres with 50nm thickness is deposited on the 1 um
silicon substrate. The incident light is coupled into whispering-gallery modes (WGMs) inside the
spheres and transmitted into the substrate. Multiple resonant modes with different resonant peaks

are excited, leading to broadband optical absorption.

In industry, a combination of the random pyramid (Si) texturing and SiNx ARC is used most of the

time.
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Rear Side Photon Management Approaches

Similar to the front side, several rear side photon management techniques have been developed.
Most of the shorter wavelength photons already being absorbed in the cell, it is of great interest that
these techniques provide high reflectance and scattering around Si band edge; scattering increases
path length, providing more chances of absorbing the photons to the cell [132]. Figure 2.10(b)

illustrates some of the rear side photon management approaches.

In Al-BSF solar cells [159], an aluminum back reflector is printed on the rear side of the silicon
wafer which acts as both a mirror, and a contact for the charge collection. In the PERC cells
localized passivation layers are added on the rear side contacts to reduce the recombination loss
and increase back-reflection; putting the passivation layer between the silicon and the metal contact
reduces the optical absorption loss in the metal occuring through evalescent coupling [93], thus
increasing the rear reflectance. [76, 98]. In IBC solar cells, interdigitated metallic contacts are
placed on the rear side of the solar cells to eliminate the shadowing loss. These contacts act as
back reflectors and enhance the absorption of the incident photons. Surface textures are etched on
both sides of the silicon wafer, yielding longer diffusion length of charge carriers. Additionally,
a thin film layer of the same material (a-Si) is sandwiched between the silicon wafer and a doped
a-Si layer to passivate the interface on the rear side of the cell, improving total quantum efficiency.

[153, 172].

Patterned nanostructures are also used for light trapping on the rear side. For example, Zhu et
al [177] reported an a-Si:H solar cell with nanocone back reflectors. In addition, the scattering
of the incident light is enhanced inside the plane, leading to enhanced optical path and effective

absorption.

Various types of gratings on the rear side of the cell have been studied. Compared to planer rear
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reflectors, grating structures can support resonant modes within the gratings and better enhance the
optical path length by scattering. A hybrid grating-photonic crystal back reflector silicon solar cell
has been reported by Zeng et al. [176]. In this design a reflection grating is placed on the rear side

of the cell and a 1D distributed back reflector (DBR) layer is deposited under the grating.

Resonating modes boost the light harvesting on the rear side of the solar cell. Tu et al. has reported
an application of double wall carbon nanotubes (DWCNTs) in amorphous silicon (a-Si) solar cells
[157]. By spin coating the DWCNT solutions on Ti/Ag back contacts, plasmon resonances are

excited and the light scattering is enhanced in the range from 589-700 nm.

Solar Cell Electrical Characteristics

The output of a solar cell is electricity. Therefore it is desirable to observe the electrical charac-
teristics of a cell. The following section provides an idea about the electrical characteristics of a

cell.

Electrical Model of a Solar Cell

The equivalent circuit model of a solar cell is depicted in figure 2.11. The ideal solar cell consists
of a current source (with current density, J), and dark current loss represented as a diode. However,
a practical solar cell also has series resistance R and shunt resistance Rg;,. In a practical solar cell,
the contact resistivity and sheet resistance of both the front and rear side of the cell contribute to
the series resistance. The shunt resistance represents the bulk resistance across the p-n junction.
Higher shunt resistance is good for a cell, because it directs most of the photo-currents to the
external load. Now, sometimes because of the manufacturing issues like nonuniform doping, or

front contact cutting through the junction and touching the base of the cell may create shunts
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Figure 2.11: Electrical model of a solar cell

[89, 90].

Current-Voltage characteristics

The current-voltage characteristics of a solar cell is illustrated in figure 2.12 and can be described
by equation 2.19. There are certain points on the current density (J) vs. voltage (V) curve which
are of great interest. First of all, short-circuit current density (Js.), which is the current density
when the voltage is 0. In this condition all the photogenerated currents flow to the external circuit.
Therefore, J. is the maximum current density attainable from a cell and equal to the photogener-
ated current density Jpy. Similarly, V¢ is the open circuit voltage which is the maximum attainable

voltage coming out of the cell.

(2.19)

V+JR V+JR
J:JpV—Jo{exp< + S)—l]— IS

nkT Rsh

As electrical power is the multiplication of voltage and current, it can be easily understood that
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Figure 2.12: Current-Voltage characteristics of a typical solar cell

the power from a cell depends on the operating point. The operating point at which the maximum
amount of power can be extracted from a cell is called the maximum power point (MPP). Figure
2.12 marks the voltage and currents at MPP condition. We notice that Vy,pp and Jypp are lower

than V¢ and Jgc respective.

Fill factor (FF) is an important parameter in solar cell performance analysis, which can be ex-

pressed as,
_ Vuppr Jupp
Voc Jsc

FF (2.20)

Now, the most important parameter of a solar cell is the efficiency (1), which can be obtained from

the J-V curve using the following equation,

_ Yupp Jurr _ Voc Jsc FF
P, P,

(2.21)

Here, P, is the total incident power (optical) on a cell. Customarily, efficiency is calculated for
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1000 W /m? illumination.

34



CHAPTER 3: SOLAR CELL MANUFACTURING PROCESS AND
PERFORMANCE ISSUES RELATED TO IT

In the way to improving solar cell performance, it is crucial to understand the manufacturing pro-

cess and the common issues arising from the imperfections in the manufacturing line.

Solar Cell Manufacturing Process

In principle solar cell is just a simple p-n junction made of semiconductor material. However, in
reality it’s much more than that. Manufacturing solar cells require deep knowledge of material sci-
ence, electrical and mechanical engineering. The manufacturing process consists of several steps

from wafer to the finished cells. These steps [167, 27] are discussed in the following subsections.

Wafer

Solar cell manufacturing starts with wafers. These wafers are sliced from silicon ingots and can
be either monocrystalline or multicrystalline. Multicrystalline wafers have wide range of spatial
variations, defects, grain boundaries etc. which deteriorate their performance. Level of impurities
is also higher in multicrystalline wafers. However, they are cheaper than their monocrystalline
counterparts. The majority of the monocrystalline ingots for Si PV are produced using Czochral-
sky (Cz) process. Cz method depends on the crystal growth of molten silicon following the crystal
structure of the seed crystal. Solidification process is widely used to make multicrystalline ingots.
Directional solidification from melt is one type of solidification method where a moving tempera-
ture gradient is used for the crystallization. The solid-liquid planar interface in this process helps

avoid micro-segregation. Another type of solidification is block casting, where molten silicon is al-
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Figure 3.1: Pictorial diagram of the steps in a typical solar cell manufacturing process

lowed to cool in a crucible and form ingots with rectangular cross section, often called as ’brick’s.
Extreme care must be taken to minimize the impact of iron diffusion from the cast to the brick
and to minimize stress at the grain boundaries, which can results in significant recombination. A

typical thickness of the wafers used to make a Si PV cell is 200 um.

Saw Damage Etch

Wafers are made by slicing semiconductor ingots by wire saws. The sawing process leaves marks,
nonuniformity and contaminants on the surface of the wafer, which can act as a recombination
centers in the finished solar cell. To eliminate these, the wafer is planarized by saw damage etch

process. The process is dictated by NaOH concentration, temperature, etch time and rinse time.
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Texturing

A flat surface can reflect more light than a rough surface. To achieve better light trapping, the
surface of the solar cell is textured using chemical process. Proper use of NaOH and isopropanol
provides pyramidal structures on the wafer surface. The height and coverage of the pyramids are

dictated by the concentration of the chemicals, exhaust flow, temperature and etch time.

HF:HCI clean

Before sending the wafer to the diffusion furnace, it is essential to clean it very well and eliminate
all the impurities. The texturing process can lead to residues of silicates. Some metal impurities
can also be diffuse into the native oxide on the wafer surface. These are cleaned using HF and HCI.
First the wafer is immersed at 1-5% HF solution. After rinsing with DI water, it is again immersed

into 2% HCI solution. Then it is rinsed with DI water.

Diffusion

Diffusion process is required to form emitter and the p-n junction. For a p-type wafer, the emitter
is n-type and vice versa. For n-type emitter, phosphorus doping is required and boron doping
is required for p-type emitter. The diffusion is usually done inside tube furnaces. The factors

dictating diffusion process are dopant concentration, nitrogen flow, and temperature.

Phosphorus/Boron Glass Removal

During the phosphorus diffusion process, there forms a substance on the wafer called phosphosil-

icate glass (PSG) which supplies the phosphorus dopants. It contains metal traces which is useful
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for gettering. However, once the diffusion is done, PSG has to be removed. HF can remove PSG.

The process is dictated by HF concentration, etch time and rinse time.

Edge Isolation

During the diffusion process, it also acts on the rear side and the edges. The doped portion of the
edges has to be etched to keep the front and the rear side isolated, otherwise it will act as a shunt
path. It is done by RF plasma etching. Edge isolation can also be done using chemical process
or laser scribing. With the cell being thinner, it is being more desirable these days that the edge
isolation is done through a non-contact method like laser scribing; such a method reduces the risk

of crack formation on the cell.

Silicon Nitride Coating

Silicon nitride (SiNx) acts as an antireflection coating (ARC) in the solar cell. In addition to its
excellent anti-reflection characteristics, hydrogenated SiNx (SiNx:H) also provides surface pas-
sivation. SiN is coated onto the front surface of the wafer by plasma deposition method, which
deposits on one side only. The deposition process is dictated by silane flow, ammonia flow, tem-

perature and time. The typical thickness of SiN layer is in the order of tens of a nanometer.

Rear and Front Side Screen Printing

The front and the rear contacts are required for the collection of photogenerated carriers, electrons
and holes. Usually full area Al is used for the rear contact. For the front side, Ag of about 5%
area coverage is usually used for the front contact. The standard process for the rear side contact

formation is screen printing. For the front side, a wide variety of methods are used. These methods
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Lamellae

Figure 3.2: Formation of different block-copolymer self-assembled nanostructures. Here f is the
volume fraction of one polymer block [31]

includes a combination of lithography and evaporation, sputtering of the seed metal layer and then
plating, laser grooving of the Si and then contact formation through plating etc. [43]. Sometimes,

Ni and Cu plating is also used as rear side contacts [108].

Block Co-Polymer Self Assembly Method of nanostructure Fabrication

In this work, multifunctional nanostructures are fabricated that can perform photon management
on the rear side of the cell, provide surface passivation and helps lateral charge transport. These
structures are fabricated using a bottom-up fabrication method called block co-polymer (BCP) self
assembly.The self assembly process leverages the physical forces to make certain patterns. It is

different than the lithography based top down fabrication approach.
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Block Co-Polymer Self Assembly

The BCP self assembly [116, 122] method of nanofabrication was developed taking inspiration
from the nature; nature builds important biological systems by harnessing the chemical forces.
The most simple form of BCP is the diblock co-polymer, having two chemically distinct polymer
blocks A and B that are covalently bonded together. One of these blocks is usually hydrophilic,
and the other one hydrophobic. When such a BCP solution receives energy from external source
(e.g. kinetic energy from spin coating or thermal energy from annealing), the chain of the polymer
blocks mobilizes and it takes a distinct periodic form. Based on the volume fraction of the blocks
and the processing conditions (e.g. temperature, atmospheric pressure) the BCP self assembly
process can provide polymer structures like sphere, cylinders, gyroid, lamellae as illustrated in
figure 3.2. In this figure, the two blocks are illustrated as blue and green color. It is also possible
to obtain the inverse structures e.g., inverse-cylinders by changing the volume fraction of a block.
Triblock co-polymers (having polymer block A, B and C) can also be used for more complex

structures.

The degree of the BCP self-assembly process depends on three factors [34] (i) Segregation strength,
typically expressed by Flory-Huggins interaction parameters (4p for diblock co-plymer; Y45, Xac
and yca for triblock co-polymer). The segregation strength must exceed a certain threshold to
occur the self-assembly and it is composition dependent. If it is below the threshold, the material
forms a disordered morphology (ii) degree of polymerization, N (iii) volume fraction (f4 and fp of
the blocks A and B respectively such that f4 + fg = 1). The shape of the structure heavily depends
on the volume fraction as illustrated in figure 3.2. For a diblock co-polymer, the Flory-Huggins

interaction parameter can be expressed as,

Z 1
_ — 1
XAB = T EAB 3 (€44 + €BB) 3.1)
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Here k is the Boltzmann constant, T is the temperature and z is the number of nearest neighbours
in each repeat unit of the polymer. Also, €44, €45 and €pp are the A-A, A-B and B-B interaction

energies per repeat unit.

It worths mentioning here that the self-assembled structures have a pitch in the order of 30-40 nm.
Research is being conducted to increase the pitch using directed self assembly [63], with the help

of traditional lithography process. This method can provide a pitch of 100-300 nm pitch.

Fabrication of AlO3 Nanostructures using Block Co-Polymer Self Assembly

The BCP structures can be used to form Al,O3 nanostructures. The fabrication steps are illus-
trated in figure 3.3. In this method, first the BCP structures are formed on the substrate by spin
coating at certain speed and annealing at certain temperature. Once these polymer nanostructures
are formed, the next step is to synthesize the Al,O3 nanostructures by vapor phase infiltration ap-
proach. In this process, vapor phase infiltration is performed using certain cycles of exposure to
trimethylaluminum and water vapor in a commercial atomic layer deposition tool. Because of the
chemical selectivity of Al,O3 deposition it is deposited almost exclusively within block A in the
figure. After infiltration, the polymer template is removed by O, plasma ashing to reveal alumina

replicas of the self-assembled A block structure (step 3).

Solar Cell Performance Issues Related to Manufacturing Imperfections

Crystalline defects and Dislocation Centers

These defects occur due to the imperfections in the growth process of the semiconductor ingot,

out of which wafers are made.The defects and dislocation centers act as the recombination centers.
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Figure 3.3: Fabrication of block-copolymer self-assembled Al,O3 nanostructures

These defects occur more in the multicrystalline wafers than the monocrystalline wafers. The
recent record high efficiency cells are made of monocrystalline wafers which allowed them to

avoid some of these losses.

Saw Marks

The imperfections in the saw damage removal from the wafer surface leave saw marks on the wafer
which causes reliability issue in the cells. This saw marks often lead to micro cracks. Sometimes
the crystal defect due to these saw mark promotes formation of blisters. It is also found that these

saw marks can cause pill off of the SiN anti-reflection coating.
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Issues Related to Edge Isolation

Edge isolation is usually done using laser scribing. At the time of edge isolation, the high temper-
ature arising from the laser material interaction causes the silicon to melt down. The melting can
cause an undesired effect called emitter drive-in, which allows P-atoms to go underneath the iso-
lation groove. Also the melting of the material and the ablation and re-deposition of the materials
along the perimeter (a distance in mm range) of the cell causes reduction of the active region of

the cell.

High Surface Recombination

If both the surfaces or even just one surface of the cells are not passivated well, surface recombi-
nation occurs and it affects the cell current density, voltage and fill-factor. Due to manufacturing
variability, sometimes certain region on the cells may be left unpassivated which affects cell per-

formance.

High Auger recombination

Auger recombination is related to the excessive doping. Doping helps junction formation and
separation of the photogenerated carriers. However, excessive emitter doping causes Auger re-

combination in the cell which reduces cell efficiency.

High resistivity

If the metal contacts does not form good contact with the semiconductor, it causes high contact

resistivity. It is also very important to make sure that the contacts formed are Ohmic contacts.
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Sometimes the thin gridlines in the front side break. Since current cannot pass through them, it

increases the series resistance of the cell.

Shunts

Shunts are any regions on the solar cells with very small resistance across the p-n junction. Some-
times they are formed on the cell due to manufacturing imperfections. The presence of the shunt
decreases the short circuit current density of the cell severally. Shunts can be of three types [37] :
(a) linear shunts (b) non-linear shunts (c) junction pre-breakdown. Linear shunts are those which
demonstrates Ohomic characteristics when a voltage is applied across them. It is more deadlier
in terms of the cell performance than the other two. It can occur due to poor junction isolation,
local non-homogeneities and cracks in the wafer prior to the emitter formation through diffusion,
and presence of materials like SiC (i.e., material induced shunt). The nonlinear shunts are those
that exhibit diode like nonlinear behavior. These shunts could be process induced or are related
to the wafer quality. If there are scratches on the wafer before or after the diffusion process, the
front metalization can cut through the emitter layer, touches the base and forms a Schottky diode.
Local non-uniformity of the p-doing or presence of defects may also give rise to non-linear shunts.
Junction pre-breakdown is the phenomenon in which the p-n junction breaks down at a lower re-
verse voltage than the usual value (i.e. -50V). Local contamination site on the Al surface prior to
p-diffusion, presence of recombination active defects, texturing issues or bulk defects can lead to

the shunts.

Microcrack Formation

Microcracks can form in the cell both at the time of handling of the wafers/cells and operation in

the field. The environmental factors like bitter cold, violent wind, heavy snow, hail, and baking
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sun can cause mechanical or chemical stress on the cell, leading to microcrack formation. The
thermal cycle a cell goes through everyday expands, contracts, and flexes the metals contacts and
interconnects leading to mechanical stress on the Si part. In addition to these reasons, cell bowing
also can contribute to these kind of microcrack formation. It occurs due to the difference in thermal
expansion coefficient between silicon and the metal contact and can occur at the time of contact

firing or even at the time of operation.

45



CHAPTER 4: MEASUREMENT OF OPTICAL, RECOMBINATION AND
RESISTIVE LOSSES IN SILICON PHOTOVOLTAICS

Measurement plays vital role in the efforts to improving cell performance and developing cost-
effective manufacturing processes. Therefore it is important to become familiar with different
metrology methods, their working principle, and limitations. Being an optoelectronic device, the
characteristics of a solar cell depends on the cell optics, presence of various loss mechanisms,
carrier transport properties etc. Therefore, measurement of a solar cell ranges from material char-

acterization to performance testing.

The tradition method of measurement techniques mainly expresses the cell characteristics by the
global parameters. A better approach is to provide the spatial distribution of the parameters. Both

of these methods are introduced in the following sections.

Current-Voltage Measurement

Current-voltage (I-V) measurement is the most basic method of evaluating cell performances that
provides the first-hand account of the cell performance issues. The outcome of this measurement
is the I-V curve which is directly related to the cell efficiency. Figure 4.1 presents a solar simulator

that can be used for I-V measurement.

The I-V characteristics of a cell is expressed by equation 4.1. Here, Vr is the thermal voltage, Ipy

is the photogenerated current density, Ry is the series resistance and Ry, is the shunt resistance.

V+IR5> B 1] _V+IRy @.1)

I =1Ipy — I lexp( Ron
S

T
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Figure 4.1: Solar simulator used for current-voltage measurement

Now, I, and Iy are cell parameters that do not change with voltage. Taking derivative of equation

4.1 with respect to voltage and setting ‘Z{}V =0and Zl—@ =0, we get,

dI I V + IRy dl 1 Rgdl
— =—— |exp I+Rs— || —5——
vV Vr dv Ry, RgdV

Rearranging this equation we get,

di [, Rs  IoRs V + IRy I V + IR 1
— —+ —ex =——ex e
av | Ry vy P\ vy 7 Ry,

4.2)

4.3)

This relationship is valid for all the points on the I-V curve. Now, let us consider some special

circumstances. In the short-circuit condition, V =0, I = Isc. Also, IscRs < V7 and Iy is a small

quantity. Therefore, we have,

I V+IRg\ IscRs '\ __
oexp Vi = lpexp vV ~0
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Now, Rg is much smaller than Rg;,. Therefore, Ilg—i ~ (0. Applying this and equation 4.4 to equation

4.3, we obtain,

dl 1
— =—— 4.5)
av at V=0 R,
Rearranging we get,
dv
Ry, =— — (4.6)
' di at V=0

This equation shows that the slope of the I-V curve at V = 0 is related to the shunt resistance,
Ryy,. Similarly, we can also consider another condition when I = 0 and V = V¢ (i.e. open-circuit
condition). In this condition, there is no current flowing to the external circuitry and the entire
short-circuit current (which is equal to the photogenerated current) flows through the diode. We

have,

V +1IRg Voc
Ioexp ( VT ) = Ioexp (V—T) ~ ISC (47)

Applying this relationship to equation 4.3, we obtain,

Shen(el) ()
Rearranging we get,
RS<$+€—;>=—CCZ{—‘I/ (g—;—#é)—l 4.9)
Rsz_fl_‘;_ﬁ (4.10)
Ry T Vr

Now, Ry, is a big quantity and % << % Therefore, we can have further simplification of the

expression of the series resistance.

dv Vr

g - @.11)
dl at V=Voc ISC

S:

This equation shows that the slope of the I-V curve at V = V¢ is related to the series resistance.
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The measured I-V curve provides important insights about different performances issues. Some

abnormality of the I-V curve and their cause are discussed in the following subsections:

Lower Current Was Measured Than Expected

A cell or module may produce less current if it is degraded or soiled (meaning, covered with
dusts), especially uniformly. Less current can also be measured if the irradiance sensor is oriented
incorrectly, irradiance sensor calibration was wrong, irradiance was too low or the number of the

solar cells in parallel orientation was not entered correctly in the model.

The Slope of the I-V Curve Near Jsc Is Not Normal

The slope of the I-V curve can become steeper than expected. This points to low shunt resistance
of the cell that eventually reduces the fill factor and the efficiency. The potential reason of steeper
slope are: existence of shunt path(s) in a cell, existence of shunt path(s) in the cell interconnects,

mismatch of Isc among different cells on a module.

The Slope of the I-V Curve Near Voc Is Not Normal

The increase in the series resistance can reduce the steepness of the slope of the I-V curve between
the Vmpp and Voc. It reduces the fill factor and efficiency, as a result. The potential causes behind
the reduction of this steepness are: excess resistance of the PV wiring, increased series resistance

of the module, or increased resistance of the interconnections.
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Notches or Steps in the I-V Curve

Notches or steps can be seen in the I-V curve of a module. It indicates that there are mismatch
of the current and voltage produced by the different regions on the module. The potential causes
of these notches are partial shading, damaged PV cells on a module or short-circuit of the bypass

diode.

Reflectance Measurement

Cell optics is an important factor in determining the amount of current produced. If the front
side of the cell is reflective, light cannot go into the cell hence photogenerated current density
reduces.Photon management mechanisms [35] are usually employed to reduce the front reflection.
To assess the quality of such a photon management approach, one has to conduct the reflectance
measurement. Figure 4.2 illustrates the reflectance curve of a typical silicon solar cell. Reflectance
occurs from both the front and rear side of the cell. The rear side reflectance, also called as the
escape reflectance is the percentage of light that enters into the cell, reaches the rear side of the cell
not being absorbed in the active region, reflects back towards the front side of the cell and finally

escapes from the cell. Escape reflectance occurs mostly in the long wavelength regions.

The reflectance in the figure 4.2 is the total reflectance comprising of the front and the escape
reflectance. We notice that the total reflectance (solid line) is higher in the shorter wavelength.
Then, it drops drastically until it starts increasing gradually. At longer wavelength around 1000
nm, the total reflectance starts increasing drastically again. The reason for this drastic increase
is the escape reflectance. Thus, if a trend-line is drawn from 800 nm to 900 nm and extended
beyond 1000 nm wavelength, that will be the front reflection beyond 1000 nm wavelength (shown

as dotted line in the figure). Subtracting the front reflectance from the total reflectance gives the
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Figure 4.2: A typical reflectance curve of a silicon solar cell

escape reflectance.

(4.12)

Important insights about the quality of the anti-reflection coating (ARC) can be obtained from the
reflectance spectrum. The ARC is nothing but the a thin film. Therefore, the wavelength of the
minimum reflectance can be used to calculate the ARC thickness using equation 4.13. Here, n is

the refractive index of the material used as ARC (usually, SiNx).
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Suns-Voc and Lifetime Testing

Predicting the open circuit voltage (Voc) of a cell at the early stages of the fabrication process is
valuable for reducing the manufacturing cost. The Suns-Vpc measurement is a Quasi-steady-state
photoconductance (QSSPC) measurement [33] that can be used to estimate the V¢ of a cell. As
this is not the real V¢, rather estimated one, it is called the implied V¢ (or iVgc¢ in short). For
a p-type wafer, we can utilize the relations hip between the carrier concentration and voltage to

estimate iV as following,

Vo - (%T> ln(An(O) x [NA+An(O)]) @i

2
n;

Here, T is the temperature in Kelvin, k is the Boltzmann constant, q is the charge of an electron, n;
is the intrinsic carrier concentration of Si, An(0) is the carrier concentration at the junction and Ny
is the doping density of the substrate. Usually iV is greater than the real V¢, as iVpc does not

account for the recombination occurring in the metal-silicon interface.

Lifetime measurement is another very important characterization method to assess the quality of
a wafer and cell. A common approach to measure the lifetime of a sample (as also in a Sinton
Instrument), is to use the Eddy-current method. In this method, a coil is placed underneath the
sample stage. After the sample (let’s say, a wafer) is placed on the stage, it is illuminated with
pulsed light. Because of the photogenerated excess carrier conductance of the sample changes,
and the change is detected by the coil. The lifetime of the sample is then calculated using transient

photoconductance and Quasi-steady-state photoconductance methods.

52



Spatial distribution of the parameters

The traditional characterization methods like I-V, Suns-VOC measurements etc. express the solar
cell performance by global parameters. However, a solar cell is a large area device having spatial
variation over its surface. These variations may arise because of numerous reasons. The presence
of faults like cracks or scratches, shunts, break in the busbars or gridlines, recombination centers
like crystalline defects or dislocation centers and delamination or degradation- all these may cause
performance variation in a cell. It is therefore very important to take a close look at the spatial
distribution of a particular parameter over the cell. The spatially resolved characterizations (or,
imaging in other words) are very useful in numerous ways: First, it helps get a better understanding
of the loss mechanisms and their root causes [89, 90]. Thus they work as a guideline for designing
experiments as an effort to increase the efficiency. Secondly, process variations negatively impact
the overall device performance and hence needs to be addressed (Hossain 2018, Hossain 2019).
These process variations clearly appear in the parameter images. Therefore, the spatially resolved
characterizations suggest ways to reduce these variations. In fact, a study shows that utilization
of these spatially resolved characterization methods may reduce the PV production cost at a great

degree.

All the spatially resolved characterization methods discussed in this review are non-destructive in
nature. However, these are active imaging techniques, meaning they require an excitation source
to provide a response. The excitation energy can be either electricity (current or voltage), light, or
heat. Some of them are used inline, the others cannot be used inline. However, all these metrology

techniques provide useful information about the performance metrics of the solar cell and module.
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Luminescence Based Imaging

Luminescence occurs when an electron in the conduction band makes a downward transition to
the valence band and loses its energy in the form of light. Such a transition usually provides one
photon, the wavelength of which depends on the difference between initial and final energy of that
electron. An excitation source is required which sends the electron up to an initial position in the
conduction band. When that electron comes back to the valence band (final position), it radiates
light in the form of luminescence. The probability of the luminescence depends on a couple of
important factors: temperature, intensity and frequency of the excitation source and quality of the
material. If crystalline defects, dislocation centers, trap states, cracks or other forms of imperfec-
tions are present, some of the energy is also lost through non-radiative losses. Therefore, for a
uniform incident light intensity, there are clear differences between the luminescence output from
the good and bad regions on PV cells and modules. Finding physical defects and inline quality
control is one of the main purposes of doing luminescence imaging. Some of them are used for
initial inspections of wafers before making cells. However, taking images at different input con-
ditions may provide advanced level performance metrics; e.g. spatial distribution of open-circuit
voltage, short circuit current density, minority carrier lifetime, series resistance, efficiency etc.
Luminescence based imaging can be classified into three categories: photoluminescence, electro-
luminescence, and biased photoluminescence imaging, based on their way of excitation. Be it of
any type, the luminescence signal is captured by a camera which usually integrates over a broad

range of wavelengths. So the resulting image is usually a single-channel grayscale image.

Photoluminescence Imaging

As the name implies, the excitation source for photoluminescence (PL) is light. Usually, laser light

of sufficiently high photon energy is used to illuminate the sample. PL imaging is widely used
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in industry [144]. When the photogenerated carriers radiatively recombine with their opposite
counterparts, the spontaneously emitted energy appears as luminescence light. 808 nm laser is a
typical example of the excitation source used in PL imaging of Si solar cells and modules. In such
an arrangement, the PL signal is usually captured by CCD camera after passing through a 920
nm long-pass filter (Hossain 2019a). Regions with cell cracks, crystalline defects and dislocation
centers look dark in PL images. The images at different conditions may give parameter images

like V¢ 1image.

Voltage distribution on a finished solar cell can be calculated based on the correlation between
luminescence intensity and local voltage. If the luminescence intensity is ¢, at a position (X,y),

then the local voltage on the same position is V,, can be expressed as following,

—B,,L
Ve = Vil ("’y—y) (4.14)

Here V7 is the thermal voltage and Cy, is a calibration constant independent of electrical bias and
illumination condition. Bxy is the background luminescence signal occurring due to the diffusion-
limited carrier recombination [103, 5] and can be determined from the measurements at short

circuit condition:

_ (ny—SC

By = (4.15)
I1_sc

Here ¢,,_sc and I;_gc are the photon flux and illumination intensity at short-circuit conditions.
The calibration constant is calculated from open circuit PL image ¢y,_;,, captured at low illumi-
nation condition. The key assumption is, at sufficiently low illumination conditions, the lateral

gradient of voltage distribution is negligible. The calibration constant Cy,y is calculated from the
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following expression:

(4.16)

Voc-i
ny = (¢xy—low - Bxy—low) exp |:_—0W:|

Vr
Electroluminescence Imaging

Electroluminescence imaging is also a non destructive measurement method similar to PL. Elec-
troluminescence (EL) occurs when electricity is applied to a solar cell and it acts like an LED [62].
As silicon is an indirect band gap semiconductor, the amount of radiative recombination is smaller
than the non-radiative recombination. However, this small radiative recombination is sufficient for
the detector (i.e., camera) to be detected. One notable difference between EL and PL imaging is, in
EL imaging contacts have to be placed on the cell to drive current through it, which is not the case

for PL imaging. Therefore, EL imaging us usually carried out on the finished cells and modules.

Current is used as a excitation source in the electroluminescence imaging. When current is applied
to the cell through the metal contacts (basbars and gridlines), the lateral resistance due to the re-
sistance of the contacts and cracks and defects on the cell affect the spreading of the current. If a
crack is present, current cannot spread properly near the crack region. This impacts the lumines-
cence coming out of that region. This is used to calculate the series resistance of the cell. Example
of series resistance imaging based on this method can be found in these literatures: [81, 78, 97].

The total amount of EL emission depends on both the radiative recombination and the resistance.

Ohmic shunts can be also detected using EL imaging if they are somewhat strong [23]. EL imaging

is relatively fast and takes about 1s to finish. It is very suitable for PV module imaging [119].
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Figure 4.3: An instrument that can be used for PL, EL or biased PL imaging of silicon solar cell.
(a) the whole instrument (b) zoomed-in view of the laser light source that is used in case of PL and
biased PL imaging (c) zoomed in view of the chuck on which the solar cell is placed for imaging

Biased Photoluminescence

The biased photoluminescence is the combination of photoluminescence and electroluminescence
imaging. Here, both light and electricity are used as an excitation source. The biased photolumi-
nescence allows the control of the photogenerated carrier generation and/or recombination by the
easily tunable electricity source. Applying different conditions on the measurement, biased PL can
determine the spatial distribution of the series resistance, dark saturation current density, and open

circuit voltage.

Unfortunately, biased PL is not suitable for the imaging of the PV module.
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Thermography Based Imaging

This method is based on the emission of thermal radiation from the sample when it is heated up.
The sample is heated up usually by the application of the current. It is an established technique to
detect and quantify all kinds of shunts [21]. When current is driven to the sample, the shunt draws
a big amount of the current. As a result it heats up more than its surrounding regions and thermal
radiation from it is more. This is how the presence of a shunt is usually detected. The resolution

of lock in thermography image is limited by the thermal diffusion length, A.

27
A=y |— Pt 417
\/ 22 fioek_wPCy :

where A is the heat conductivity, p the mass density density, C,, the specific heat capacitance and

flock-in the lock-in frequency.

Quantum Efficiency Imaging

Quantum efficiency (QE) is an wavelength dependent parameter which is very important in deter-
mining the cell performance. The Jgc of a cell can be calculated from it’s QE characteristics. The
external quantum efficiency (EQE) is the ration between the number of electron-hole pairs gener-
ated to the number of photons incident on the cell. The internal quantum efficiency (IQE) on the
contrary is the ratio between the number of electron-hole pairs generated to the number of photons

entering the cell.

If the EQE is measured at each of the points on a cell, that gives an image of EQE. That is exactly
what the instrument in figure 4.4 does. It uses 40 LEDs that emit light of center wavelengths in the

range 365 nm - 1280 nm. The light from the LEDs is collected by an integrated sphere that illumi-
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Figure 4.4: An instrument that can be used for quantum efficiency and reflectance imaging (a) the
whole instrument (b) zoomed-in view of the light source with integrating sphere

nate a small spot on the sample. The LEDs turn ON and OFF at distinct frequencies. Therefore,
when the total photocurrent generated is collected, Fourier transform is applied to it. Correlating
the result with the ON-OFF frequency of the LEDs provides their individual contribution. The

EQE is then calculated from it.

The tool is also capable of measuring the reflectance of the sample at a spot. Therefore, from EQE

and the reflectance, it can later calculate the IQE.

In the measurement process, the EQE and reflectance are measured on each point on the sample,

one by one. Combining all these gives an image of these parameters.

59



Comparison of Different Imaging Techniques

Table 4.1 summarises the key points of different spatially resolved characterization methods.

Table 4.1: Scope of Different Spatially Resolved Characterization Methods

Characterization Method(s) Sample Type Outcome Limitation
Photoluminescence imaging As cut wafer Presence of cracks No Rg map
As cut wafer finished Presence of crystalline defects
Solar cell or module Voc map
Finished solar cell
Photoluminescence imaging + conductance coil Passivated wafer Lifetime map No Rg map
Electroluminescence imaging Finished solar cell, module Broken gridlines Separating Rg from Jj is difficult
Biased photoluminescence Finished solar cell Rg map Not suitable for modules
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CHAPTER 5: LOSS MEASUREMENT: INCORPORATION OF
SPATIALLY RESOLVED QUANTUM EFFICIENCY MEASUREMENT
WITH LUMINESCENCE FOR ADVANCED PARAMETER IMAGING OF
SOLAR CELLS

Part of this chapter was published in M. J. Hossain, E. J. Schneller, M. Li, and K. O. Davis. Solar

Energy Materials and Solar Cells, 199:136-143, 2019 [92].

Abstract

The spatial distribution of device performance parameters of solar cells provides important insight
into their operation, including the type and magnitude of conversion losses and potential areas of
improvement. In most of the procedures used to create these parameter images, a uniform (i.e.,
global) short-circuit current density (Jsc) is usually assumed. However, Jg¢ is known to vary over
the surface of a solar cell, especially in polycrystalline absorber materials like multicrystalline sil-
icon. In this work, a high speed quantum efficiency measurement rastered over the surface of a
solar cell is used to obtain images of Jsc. These Jgc images are then used to calculate images of
series resistance, dark saturation current density, fill factor, and conversion efficiency. Compar-
isons are made between the images created with a global Jgc and with the spatially-resolved Jgc.
Negligible variation is observed in the series resistance and dark saturation current density images,

but a drastic change is observed in the efficiency images between these two methods.
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Introduction

Traditional solar cell characterization techniques like illuminated current-voltage (I-V, J-V) and
Suns-Vyc provide a single value (i.e., global) for the performance parameters of a solar cell, like the
conversion efficiency (), short-circuit current density (Js¢), open-circuit voltage (Voc), fill factor
(FF), dark saturation current density (Jp), and series resistance (Rs). However, solar cells are
large area devices that often have significant variation in these parameters over the surface of the
entire device. Photoluminescence (PL) imaging is a method commonly used by the photovoltaics
(PV) industry and RD community to determine the spatial distribution of these parameters. The
speed and relative simplicity of the measurement make it applicable as both an off-line and in-line

metrology technique.

There have been numerous efforts to obtain spatial distributions of the performance parameters
from both PL and electoluminescence (EL) signals. Fuyuki et al. developed a way of determining
the spatial distribution of minority carrier diffusion length from EL [61]. PL imaging with an
electrical bias have been used to obtain images of Rg [156, 107]. Glatthaar et al. mathematically
derived the spatial voltage distribution from the luminescence images of a silicon solar cell and two
different models namely terminally connected diodes and interconnected diodes for determination
of spatial maps of the physical parameters [66]. PL imaging has also been used to obtain images
of efficiency [25, 147, 179] and the recombination occurring in the perimeter of the cell [60]. In
all of the methods above, a global value of Jgc is assumed. It has been demonstrated that Jgc is
not actually uniform, but instead varies spatially across the cell. The impact of this assumption on
the resulting parameter images is not clear. Several authors have suggested that it may result in

substantial inaccuracies [147, 100, 55, 179].

In this work, the impact of using a global Jg¢ value is investigated. We explore how this assumption

influences the images obtained for efficiency, F'F, Jy , and Rg . The Jgc images used in this work
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are obtained using a high-speed external quantum efficiency (EQE) and reflectance measurement
system capable of rastering over the entire surface of solar cells, a technique introduced previously
[174, 145]. Images of efficiency, FF, Jy , and Ry are created using both the global Jg¢ and the
spatially-resolved Jgc. Additionally, two different methods of determining the efficiency and F'F
are also compared: one relies on the PL image when the terminal voltage is set to the max-power
voltage; the other relies on the generation of a J-V curve using the various parameters obtained
and the Shockley diode equation. Finally, the approach presented here can be used to diagnose the
root cause of defective areas within a solar cell by further analyzing the QE and reflectance images
and decoupling losses based on position (i.e., front or rear side of the device) and mechanism (e.g.,

reflectance, parasitic absorption, recombination).

Methodology

The methodology presented in this work relies on the spatially-resolved EQE data as a direct mea-
surement of the local Jgc, which is assumed to be equal to the local photogenerated current density
(Jpn). PL images are then captured under various external bias and illumination conditions to gen-
erate images of local voltage. From there, images of cell performance parameters are obtained

using the methods outlined in this section.

Local Photogenerated Current

The local photogenerated current Jg¢ is obtained at each point on the solar cell using the following
equation [87, 145].

1200nm
Jse=e [ " @u.(A) EQE(A)dA (5.1)
365nm
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Here e, EQE and ®;,. are the charge of an electron, external quantum efficiency and incident
photon flux respectively. An AM1.5G solar spectrum from 365 nm to 1200 nm was considered for

this calculation.

Local Voltage

The well-known correlation between luminescence intensity and local voltage of a semiconductor
substrate or solar cell results in the following expression relating the luminescence intensity @, at

a position (X,y) to the local voltage at that same position [62, 156].

V,
@, = Cyy - exp (V%) + D@y et (5.2)

Here, V,, and Vr are the local junction voltage and thermal voltage respectively. Cy, is a calibration
constant independent of both the electrical bias and the illumination conditions. The offset part of
luminescence intensity @, s, emerges because of the diffusion limited (i.e., voltage-independent)
carrier recombination [103, 5, 156]. It is proportional to the illumination intensity /; and can be
expressed as,

Cboffset =By 1L (5.3)

Here By, refers to the background luminescence signal. According to Glatthar’s approximation
[66], for a PL image taken at the same illumination condition I; with the cell operating in the
short-circuit condition, the resulting PL intensity becomes equal to the offset PL intensity, @, fser
[99]. The background By, is calculated from this short-circuit PL image ®,ffs. Substituting

D,,_sc for @, r5; and I _gc for Iy we can write,

(5.4)
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The calibration constant C,, is determined from an open-circuit PL image ®,,,,, taken with a

sufficiently low illumination /;,,,,,

(5.5)

Voc-i
Cx - [q)xy—l()w - Bxy ' Il()w] - €Xp (——OW)

Vr

Here, Voc_1,y 1S the measured open-circuit voltage at the low illumination intensity /;,,,. The key
assumption is that, at a sufficiently low illumination intensity, the lateral gradient of open-circuit
voltage is negligible. The intensity regime considered to be ’sufficiently low’” was investigated
by Hoffler [99]. They observed that for 0.19 sun illumination, the maximum voltage difference
over a multicrystalline silicon cell was only SmV, concluding that 0.19 sun was sufficient for the
calibration purpose. For this work, a conservative illumination intensity of 0.1 sun was used to
capture the open-circuit PL image used in the calculation of C,,. With C,, and B,,, the voltage

distribution Vy, can be determined for any arbitrary PL image ®,, using the following relation,

Byy— By
Viy =Vr-In (y—"“) (5.6)

Local Series Resistance and Dark Saturation Current Density

Images for Rg_,, and Jy_, can be calculated using the terminal connected diode model shown
in figure 5.1. In this model, a solar cell can be considered as a combination of parallel diodes
which are connected to a common terminal through their individual series resistances. The figure
comprises of three units (three parallel diodes) each having a distinct Jp;,_xy, Rs—xy, Jo—xy. An
infinite shunt resistance is typically assumed for analysis purposes. With V;,,,,, and n as the terminal
voltage and the ideality factor of the diode, respectively, then this model results in the following

equation,
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Figure 5.1: Illustration of the terminal connected diode model from [99]

V
Vierm — ny = RSfxy |:J0xy exXp <ﬁ) - Jph—xy:| (5.7)

For the ideality factor, a global n can be assumed as an ideal diode (n = 1) [66, 99] or a variable
n can be used [147]. A spatially-resolved ideality factor can also be used [179, 75]. In this work,
we use a global n for simplicity and compare the cases where n =1 and the more realistic case
where n is not equal to 1. In previous works to date, a global Jgc was assumed for quantitative
PL techniques. As mentioned previously, in this work a point-by-point Jsc_,, measurement is

obtained, which we use as J,;,_y, in this analysis (i.e., Jsc—xy = Jpn—xy)-

Rs_y, and Jy_y, are the two remaining unknowns in equation 5.7. Therefore two additional mea-

surements with different terminal voltages, but the same illumination condition is required.
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Local Efficiency using PL atV = Vypp

To calculate the efficiency image of the cell, we need VMPP-xy and Jypp_,y distribution over
the cell. In this work, two methods of obtaining these distributions were investigated. The first
method relies on obtaining Viyspp_x, and Jypp—_y, from an additional PL image. To achieve this,
an additional biased PL measurement was done at global Vj,pp value of the cell at 1 sun condition
(which comes from the illuminated I-V measurement). Plugging it into equation 6 provides a
Vumpp—xy distribution of the cell. Then Jypp_,y is obtained from the single diode model J-V curve

[147, 148].

Vupp—xy
Impp—xy = Jsc—xy —Jo—xy € ™' —1 (5.8)

The efficiency image can be calculated using,

Pom‘—xy - VMPP—xy 'JMPP—xy

59
P, 1000 Wm—2 (59)

Effxy =

Here P,,= 1000 Wm™? is the input power density used in our experiment as the standard test
condition. Noticeably the spatial distribution of the Jgc (i.e. Jsc—yy) is used in the equation 5.9 as

opposed to the previous works that used a uniform Jg¢ [148].

Local Efficiency and Fill Factor using J —V Curve Fit

To provide additional insights into the impact of a spatially resolved current density, a method using
locally generated J —V curves to calculate efficiency was also explored. The method is similar to
the approach introduced by Breitenstein [24, 22]. In their approach, dark lock-in thermography is
used to generate key parameter maps including Jo; and Jy; and a 2-diode model is used to model
each individual pixel. In this work, PL imaging is used to generate parameter maps for Rg and Jy

and EQE data is used to generate Jgc maps. The key difference here is the use of a single diode
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equation where the ideality factor can be adjusted. Since we have the local value of Js¢, Jo and Ry,

we can plug these into the diode equation,

Vg +Rs—xy - J.
Jxy = Jsc—xy — Jo—xy {exp ( = nVTxy xy> B 1] (5.10)

Vumpp—xy and Jypp—_yx, are obtained by finding the maximum power point of the J —V curve in

equation 5.10. Then the local efficiency images can be calculated using equation 5.9.

The FF,, image can be obtained from Vypp_, and Jypp_y using,

Vupp—xy - IMpP—xy
FF,y =

(5.11)
Voc—xy Isc—xy

Here Voc_yy 1s the spatially resolved open circuit voltage distribution over the cell. To compare
the two methods of efficiency calculation, the first method requires an / —V measurement and
PL measurement at ’global MPP’, whereas the second method requires two additional biased PL
images from which it determines the voltage and current density images at ’local MPP’, other
variables being the same. The second method requires more computational power as it requires an

independent determination of the J —V curve for each pixel in the image.

Experimental Details

An industrial multicrystalline Si AI-BSF solar cell was used in this work, featuring a silicon ni-
tride (SiNx) antireflection coating, isotropic texturing, screen-printed contacts, and an overall area
of 243 cm?. A multicrystalline cell was chosen due to the larger spatial variation in Jg¢ and Jy
compared to monocrystalline solar cells. A Tau Science FlashQE system was used to measure the
external quantum efficiency (EQE) and reflectance (R) over the surface of the cell. This system

uses individually controlled LEDs featuring 41 distinct wavelengths (1) between 365 nm and 1280
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nm. These LEDs act as the spectrally-resolved light source and have an illuminated spot size of
approximately 3mm. The system has electronics to measure the current at each wavelength for
EQE(A) and an integrating sphere with photodetectors to measure R(A). A full-spectrum EQE(A))
and R(1)) measurement is performed simultaneously in one second. This measurement system
was programmed to raster over the entire surface of the solar cell to create a 97 x 97 image of
EQE(A) and R(A) [145, 89]. The resulting 97 x 97 Jsc—xy image was then converted into a 960
x 960 image using a linear interpolation. This interpolation was performed to achieve the same
number of matrix elements in both the Jsc_,, images and the PL images. The mean Jsc (i.e., av-
eraged over the entire surface of the cell) of the original 97 x 97 image and the interpolated 960 x
960 image are equal (Jgc = 32.2 mA/ cm?). Performing interpolation on a low-resolution image is
not unusual; the linear interpolation was used previously on current density images using the LBIC
method [129, 55]. Once the Jsc—,, image was obtained, it was then used to calculate images of Jo,

Rs, FF, and efficiency.

[lluminated / — V measurements were performed with a BT Imaging LIS-R1 system with an 808
nm laser as the light source. First, to determine the one sun condition, global Jg¢ measurements
were performed on the cell and the photon flux was varied until the global Jgc measured matches
the spatially averaged Jgc obtained from the QE measurement. For the cell used in this study, a
photon flux of 3.06x10'7 cm~2s~! and 3.06x1016 cm~2s~! were considered as the 1 sun and 0.1
suns respectively. The global cell parameters were obtained for the cell using the 1 sun illuminated
I —V curve from the LIS-R1 system (Table 1). The cell showed an overall efficiency of 15.40%,
with Jgc=32.2 mA/ cm? and Vpc=0.612 V. The global value for Rg was obtained using Suns-Vp¢
and illuminated / —V curves following the method in [150]. The global Jy and n were obtained via
curve fitting with the software tool described in [141, 154] which are 3.39x10710 A / em? and 1.3

respectively.

The LIS-R1 system was also used for the PL imaging. It features an 808 nm laser, 920 nm long-
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pass filter, and 1-megapixel silicon CCD camera. The LIS-R1 system also features a test chuck
and power supply to electrically bias solar cells during the imaging process. Two biased PL images
were taken at 1 sun for the calculation of Jgc_, and Jo_,y. A PL image at 0.1 suns with the device
at open-circuit (J = 0) was taken and a 1 sun image with the device at short-circuit (V = 0) were
taken for the calculation of the background (equation 4) and the 1 sun Vpc_,, image. An additional
biased PL image was taken at 1 sun with the device held at the MPP (V = V);pp) to obtain efficiency

images for one of the methods explored.

Table 5.1: Global values of the cell parameters calculated from illuminated / —V and Suns-Vp¢
measurement

Parameter Value
Efficiency 15.4%
Jsc 32.2 mA /cm?
Voc 0.612V
FF 0.78
Ry 0.2 Q-cm?
Ideality factor 1.3
Jo—xy 3.39x 107194 /cm?

Results and Discussion

Current and Voltage Images

The 97 x 97 Jgc image obtained from the spatially-resolved EQE data and equation 1 is shown in
Fig. 2(a). To be able to use both the Jsc_,, and Voc_r, images together in the same equation for
further analysis, the matrix size has to be the same for both parameters. To increase the matrix
size of the Jgc_x, image, a spatial linear interpolation was used, as shown in figure 5.2(b). Both
the original and interpolated Jsc_,, images and their histograms appear very similar and have

equivalent spatial averages (32.2 mA/cm?2). This spatial average includes the busbar regions of
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Figure 5.2: Images of Jsc, Voc, and the uncalibrated PL signal and their histograms: (a) Original
Jsc image of size 97 x 97 pixels; (b) interpolated Jgc images 960 x 960 pixels; (c)Vpc image; and
(c) uncalibrated PL image.

the cells and is equal to the global Jgc shown in table 5.1. Since little information can be gained
from the busbar region, this region is excluded for the analysis presented in this work. The global
current density excluding the busbar regions (from global IV curve) is 33.1 mA /cm?, which is close
to the mode of the Jgc_, histogram. Noticeably, the shape of the histogram is not a symmetrical
Gaussian curve but is skewed, featuring a tail on the lower end of the histogram arising from the

presence of the Jgc loss mechanisms.

Figure 5.2(c) shows the Vpc image and histogram of the cell calculated using the necessary PL
images and equation (6). The uncalibrated PL image taken at one sun and at open-circuit is shown
in figure 5.2(d). Looking at all of the images in figure 5.2, it’s clear that the presence of the grain
boundaries and dislocations affects the PL signal, the local voltage, and the local current. The
patterns are noticeably similar for the Jgc and Vo images, with dark regions showing up in both.
This is due to the known reciprocity between luminescence and quantum efficiency of a solar cell

[112, 113, 114, 138]. Locations with strong PL emission also have strong QE response (i.e. higher
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local current and voltage). The spatial average of V¢ distribution is 0.62 V, which lies as the mode

of the V¢ histogram, similar to Jgc.

Series Resistance and Saturation Current Density Images

Series resistance (Rg) and dark saturation current density (Jp) are two important parameters of a
solar cell which influence the shape of the / —V curve. The terminal connected diode model in
equation 5.7 allows the determination of Rg and Jy maps from two biased PL images. Figure 5.3
presents four images of Ry and four images of Jy for the same cell, where the images were created
using different inputs for Jsc_,, (i.e., global Jsc versus Jsc_y,) and for the global ideality factor
(ideal diode case, n = 1 versus actual case, n = 1.3). Unlike the V¢ and Jgc images, the Rg and Jy
images are very different from each other. The dislocations and high recombination crystal grains
seen in the Jy images are not evident in Rg images, as expected. The vertically aligned rectangular
features with high resistance seen in the Rg images, denoted by dashed green rectangles in the top

left image of figure 5.3(a), are the well known sign of broken gridlines at the front of the cell [156].

Comparing the histograms for Rg, the increase in the ideality factor results in a slightly higher
mode of about 0.1 Q-cm? for Ry and minor broadening of the distribution. The shape of the Ry
distribution is rather symmetrical, lacking the skew observed in the distributions of Jg¢ and V¢
(figure 5.2). The difference between the assumption of a global Jsc and spatially-resolved Jsc—yy
makes virtually no difference for both ideality factors. This suggests that the use of a global Jgc is

a safe assumption when creating Rg images.

The Jy images in figure 5.3(b) illustrate the distribution of recombination losses across the solar
cell. Crystallographic defects like dislocation clusters and recombination active grain boundaries,
as well as regions featuring higher concentrations of deleterious impurities (e.g., Fe) are the most

common causes of the local regions with high Jy. The shape of the Jj distribution shown in the
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Figure 5.3: (a) Series resistance images and histograms. (b) Dark saturation current density images
and histograms

histograms is skewed like the V¢ and Jg¢ distribution from figure 5.2. In the case of Jy though, the
tail is on the higher end of the distribution. This makes sense as the regions with a high Jo would
be expected to have a low Vp¢ and low Jgc. Jy is on the order of 107124 / cm? for the ideal diode
assumption of n = 1, and as expected, it is much higher for the n = 1.3 case (107'° A/cm?). There
is no perceivable change in the Jy images after incorporation of the spatially-resolved Jgc_,, rather
than a global Jgc. As in the case of RS, this suggests global Jgc is a safe assumption for calculating
the local Jy. In all four of the Jo images, there is no sign of the Rg defects like the vertical rectangles
caused by broken gridlines. This indicates that all of the assumptions here successfully decouple

the resistive losses from the recombination losses.
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(a) Efficiency Images: PL at V= Vypp (b) Efficiency Images: J-V Curve Fit
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Figure 5.4: Efficiency images and histograms using: (a) the PL image at a bias voltage of V =
Vupp; and (b) the J —V curve fitting method.

Efficiency and Fill Factor Images

Figure 5.4 presents the efficiency images for both methods discussed previously. The colorbars
for all images in this figure are scaled independently using the 1st percentile and 99th percentile
as the minimum and maximum, respectively, excluding busbars. This is done to aid in the visual
comparison. The incorporation of the spatial current density has a significant impact on the de-
rived efficiency images. There is an increase in the contrast between the good and bad regions of
the device. The histograms clearly describe this impact, as the distribution of efficiency has both
shifted and widened with the incorporation of Jsc_,,. When an ideal diode is considered (i.e., n
= 1), the mean increased from 16.8% to 17.5% and when the actual global ideality factor of 1.3

is used, the mean increased from 16.4% to 17.1%. The efficiency images are largely influenced
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mance evaluation of a solar cell. It dictates the shape of the / —V curve. A spatial map of fill
factor could account for the relative difference of performance over the surface of a cell. The fill
factor images in figure 5.5 are affected by both the series resistance and the dark saturation current
density. Increasing the ideality factor from 1 to 1.3 lead to a decrease in the mean fill factor from
0.82 to 0.78. For both cases, incorporation of spatial current density does not change the fill factor
at all. Fill factor is a ratio between the maximum power of the / —V curve and the maximum power

attainable if there was no loss present.

Loss Analysis using Quantum Efficiency

The images of EQE and R used to create the Jsc_,, input parameter in this work can also be
used for loss analysis of the solar cell. This is particularly useful when trying to attribute optical
and recombination losses to a particular layer or interface within the device. The details of this
approach were described in prior work [145, 12], but here we provide a brief description for the
sake of information. The internal quantum efficiency (IQE) at a point over the cell can be calculated

from the measured value of EQE and R at that point,

10k (1) = F2ER)

=__—="V/ 5.12
l—R—feff ( )

Here f.sr is the effective optical shaded fraction within the measurement light-spot, occurring due
to the presence of the gridlines. Now according to the model proposed by Fischer et al., IQE can
be expressed in terms of the effective diffusion length L, s, absorption length of silicon (L,) and

an scaling factor (k) as following,

L W 1
IQE (A) = kexp( La(/l)) 1+%;) (5.13)
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Here W, is the thickness of a hypothetical dead layer which accounts for the parts of the emitter
which do not contribute to the photogenerated current because of recombination occurring. L, is
used from the literature and IQE from equation 13. Running a simple iterative process starting
with the reasonable guess for the rest of the parameters provides the the value of k, L, s and W;.
Here, the slope and intercept of the In (I QFE - (1 + %)) VS. L—la plot at any wavelength provides
the values for Wd and k respectively at that wavelength. These values are then used for plotting

IQLE exp (VLV—j> vs. L, graph which then provides the values for L, ¢ and W,.

Once the L.rr and W, values become available, they can be used for calculating the losses in
emitter. The total loss in emitter can be divided into two discrete wavelength regimes: (I) 365 nm
- 500 nm, where the dead layer approximation is inadequate and (IT) 500 nm - 1280 nm, where the

dead layer approximation is reasonable. With this, the IQE loss in emitter can be expressed as,

IQEloss, emi, | — I_IQE()“) (1_La (2’)) (5.14)
Lesy
1 _exp (e
IQEloss, emi, Il — 1 exXp ( L, (l)) (515)

Now the total current loss in emitter J;,z,_ . can be calculated from the these IQE loss values. The
rest of the parasitic loss is then attributed to the loss in the base (J;,5_p). Fig 5.6 shows results of
such analysis including maps of the L sz, Jjoss—e and Jy g5 and compares this with what is seen
in the PL image. Regions associated with a high density of dislocations are highlighted in green
and are associated with lower effective diffusion lengths and higher current loss in the base of the
device. The same regions also showed high magnitude in the Jy image (5.3) and low magnitude
in the Jg¢ (figure 5.2(a)) and V¢ (5.2(c)) images. The current loss in the base is significantly
larger than the current loss in the emitter. Although the impact is minor, the spatial variation of
the dopant concentration in the emitter, with a higher dopant concentration near the edges of the

device, can be identified in figure 5.6(b). This pattern is not present in any of the parameter maps
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Figure 5.6: The result of loss analysis. (a) PL image (b) effective diffusion length (c) emitter loss
(d) bulk and rear loss due to parasitic absorption.

derived from PL images alone. The combination of both spatially resolved PL and QE provides a
complete picture of where the losses are occurring within the device and the impact they have on

overall performance.
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Conclusion

In this work, a method of using the local photogenerated current as an input to create images of
solar cell parameters (e.g., efficiency) is presented. Various methods of extracting cell parameters
images using photoluminescence were carried out on the same multicrystalline silicon Al-BSF so-
lar cell with an emphasis on any changes that occur when assuming a uniform global Jsc across
the entire cell versus a local Jgc_,, obtained using spatially-resolved quantum efficiency measure-
ments. The application of a local Jgc_,y, had a negligible influence on the extraction of Rg, Jo,
and fill factor, indicating the use of a global Jg¢ is likely a valid assumption for these parameters.
In stark contrast, the use of a local Jgc_,y, had a large influence on the extraction of local cell
efficiency, increasing the mode of the local efficiency histogram and broadening the distribution.
Additionally, this method has the benefit of using the spatially-resolved quantum efficiency and
reflectance data for loss analysis when evaluating areas with particular poor performance (e.g.,
high JO, low efficiency). This can be used to identify the root cause of manufacturing defects and
to evaluate how spatial variance in parameters like the effective diffusion length, current loss in the

emitter, current loss in the base, front surface reflectance losses, and escape reflectance.
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CHAPTER 6: LOSS MEASUREMENT: A COMPREHENSIVE
METHODOLOGY TO EVALUATE LOSSES AND PROCESS

VARIATIONS IN SILICON SOLAR CELL MANUFACTURING

Part of this chapter was published in M. J. Hossain, G. Gregory, H. Patel, S. Guo, E. J. Schneller,
A. M. Gabor, Z. Yang, A. L.Blum, and K. O. Davis. 2018 IEEE 7th World Conference on Pho-
tovoltaic Energy Conversion (WCPEC), pages 2214-2218, 2018 [89] and M. J. Hossain, G. Gre-
gory, E. J. Schneller, A. M. Gabor, A. L. Blum, Z. Yang, D. Sulas,S. Johnston, and K. O. Davis.

IEEE Journal of Photovoltaics, 9(5):1350-1359, 2019 [90].

Novel, high-throughput metrology methods are used in this work for detailed performance loss
analysis of approximately 400 industrial crystalline silicon solar cells, all coming from the same
production line. The characterization sequence combines traditional global cell measurements
(e.g., current-voltage, Suns-Voc) with camera-based cell imaging of voltage distribution and power
dissipation from photoluminescence and lock-in thermography, respectively. Spatial variations in
current collection are visualized using a high-speed external quantum efficiency and reflectance
measurement technique. A non-destructive transfer length method (TLM) measurement technique
is also implemented, featuring circular TLM structures hidden within the busbars of the cells. The
variance of individual loss parameters and their impact on cell performance are quantified for this
large group of cells. Based on correlations performed across parameters, recombination losses in
the bulk and rear surface of the cell are shown to be the primary limiting factor for the cell ef-
ficiency. The nature of these distributions and correlations provide important insights about loss
mechanisms in industrial solar cells, helping to prioritize efforts for optimizing the performance
of the production line. Additionally, many of the parameters extracted from these techniques can

be tied back to incoming material quality issues (e.g., poor bulk carrier lifetime, nonuniform wafer
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doping) and to individual unit processes (e.g., texturing, phosphorus diffusion, silicon nitride de-
position, metallization), allowing the data to be used directly for process control in manufacturing.

All of the datasets are made available for download.

Introduction

Ensuring quality and predictability of manufacturing processes is a crucial part of manufacturing
photovoltaic (PV) cells with good performance and low cost. Unlike integrated circuit (IC) and
light emitting diode (LED) industries, which keep redundant components to compensate for the de-
fective components, the performance of a PV system is affected by any defective cell present [11,
94]. For a series-connected string or sub-string of PV cells, the total photogenerated current of
the string/sub-string is limited by the cell with the lowest current. Therefore, minimizing the
variance of the solar cell performance parameters is always desired. These variances occur as a
result of the different loss mechanisms present in the cell and the variations in the manufacturing
processes [89]. Smaller process variations amongst cells can even potentially benefit the long-
term reliability and durability of PV modules [123]. There are numerous methods to detect these
process variations in-line [37, 158]. Some examples include measuring wafer thickness and its
variation using capacitance based techniques [79], identification of crystallographic defects and
cracks using photoluminescence (PL) imaging [80, 38], and the measurement of the bulk lifetime
using microwave-detected photoconductance decay [143] or using quasi-steady-state photocon-
ductance [152]. These types of mid-stream measurements are very valuable, but the insights ob-
tained from them can be limited, especially if the wafer has an unpassivated surface or hasn’t yet

been metallized [79].

Many characterization and analysis options are available to evaluate a finished solar cell. Illumi-

nated current-voltage (/-V) measurements, or J-V if using current density, at standard test con-
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dition (AM 1.5G solar spectrum, 1000 W/m? illumination and 25ngerman°C temperature) allows
determination of important cell parameters like efficiency, short-circuit current density (Jsc), open-
circuit voltage (Voc), and fill factor (FF) and is used to bin cells based on these parameters [56].
This is perhaps the only measurement method performed on every silicon solar cell produced ev-
erywhere in the world. The Suns-Voc measurement [110] is another basic method which provides
information about recombination losses, the presence of shunts in the cell, and can be used to ac-
curately measure series resistance (Rs) when coupled with an illuminated /-V measurement. This
method has long been performed as an off-line technique and is used in-line by some solar cell
manufacturers. External quantum efficiency and reflectance (EQE + R) measurements are another
common measurement technique used to analyze Jgc losses in solar cells and identify the source of
those losses (e.g., emitter, bulk, rear) [12]. This method is commonly used off-line, but not in-line,
due to the amount of time it takes to perform the measurement. High-speed EQE measurement
options that can perform this measurement in less than one second are now available though, en-
abling this technique to be potentially used in-line [175]. To determine the contact resistivity and
sheet resistance, transfer length method (TLM) measurements can be used [146, 72, 124]. This
is normally done using a destructive process, wherein the cell are laser scribed and cleaved. Non-
destructive techniques using circular TLM (cTLM) hidden within the busbars of the solar cells are
now available that allow this technique to be used in-line [70]. In addition to these methods that
provide the global performance parameters of cells, open-circuit PL. imaging can be used to obtain
spatially-resolved images of V¢, and biased PL imaging can be used to create images of Rg, dark
saturation current density (Jp), and efficiency [156, 66, 179, 147, 92]. Spatially-resolved EQE
measurements, coupled with reflectance spectroscopy, provide a way of creating Jgc images and

images of the Jgc loss due to individual loss mechanisms [145].

In this work, five different measurement techniques were carried out on approximately 400 in-

dustrial crystalline silicon (c-Si) solar cells, all from the same production line, and will present a
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comprehensive performance loss analysis on this statistically relevant group of cells. The five mea-
surement techniques include: (1) illuminated /-V at standard test conditions; (2) Suns-Vc; (3) PL
imaging; (4) high-speed quantum efficiency and reflectance spectroscopy; and (5) non-destructive
transfer length method (TLM) measurements [70]. Spatially resolved loss analysis was also car-
ried out for three individual cells i.e. a good cell, a moderate cell and a poorly performing cell.
It decouples different current loss mechanisms and attributes these to a number of defect types
present in the cells. This work represents a more detailed enhancement of a previous proceed-
ings publication [89]. Additions to this manuscript include additional correlation results between
device parameters, shown in Figure 6.5(d), Voc and DLIT (dark lock-in thermography) images
of three individual cells (Figure 6.6), a comparison of different imaging techniques for precisely
locating shunts and other defects (Figure 6.7), and loss analysis for individual cells. The totality
of this work creates a complete picture of losses and process variations in industrial silicon solar
cells, and these datasets are available for public download for other researchers to perform their

own statistical analysis and data mining [48, 46, 47, 57, 166]

Experimental Details and Analysis Techniques

The c-Si solar cells used in this work are 243cm? multicrystalline silicon cells featuring five bus-
bars, as in the proceedings paper [?]. These are industry standard AI-BSF (aluminum back sur-
face field) cells, featuring isotropic texturing, a SiNy anti-reflection coating (ARC), phosphorus-
doped n* emitter on the front, screen-printed Ag front contacts, and a full area screen-printed Al
rear contact that forms the p* BSF upon firing. The only difference in these cells compared to
commercial cells are the cTLM structures hidden within the busbars, which don’t influence the

cell processing or performance (Figure 6.1).

Illuminated /I-V curve measurements under standard test conditions and Suns-V ¢ measurements
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Figure 6.1: (a) Illustration of the multi Al-BSF cell architecture. (b) Scanned image of the cells
used in this study and (c) a zoomed in image of the cTLM structures hidden within the busbars of
the cells.

were performed using a Sinton Instruments FCT-750 in-line cell tester. The FCT-750 is a pro-
duction cell tester capable of measuring cells at line speeds of 3,600 cells per hour [89]. This
cell tester is unique in that it reports conventional cell test parameters (e.g., Isc, Voc, Rs, Rsu,
power, efficiency, fill factor) and supplements these parameters with advanced Suns-V ¢ analysis
and substrate doping measurement. The Suns-Vc analysis allows for a true Rg measurement,

pseudo I-V parameter measurement without the effects of Rg, and carrier lifetime data.

Open-circuit PL images were obtained with a BT Imaging LIS-RI system, an off-line R&D tool.
PL imaging was carried out at two injection levels, 0.1 suns and 1 sun, to obtain the spatial distri-

bution of Voc over the cells. The integration time was chosen in such a way that the output PL

84



count is high enough to efficiently suppress the noise. In this work 10s and 1s were the integration
time for 0.1 suns and 1 sun PL measurement respectively. The laser in LIS-R1 illuminates the sam-
ple with 808 nm light [89]. The emitted PL spectrum is captured by a 1-megapixel silicon CCD

2sland

camera after getting filtered by a 920 nm long pass filter. In this measurement 3x10'7 cm”
3x10% cm2 ¢! photon flux were assumed for 1 sun and 0.1 sun, respectively, and were determined
based on changing the photon flux until the global Jgc of the cell under laser illumination matches
the Jsc determined from the EQE data. The experiment was carried out at room temperature. A
spatial open-circuit voltage image Vyy is obtained from the PL intensity image (/nxy) using the
following equation [89, 66].

6.1)

Iy — Byy - 1
Vo = Vp In (M)

Cyy

Here Vris the thermal voltage. Iy is the illumination intensity at which the PL image [Iyxy was
taken. Byy is a called a background calibration constant which accounts for the diffusion limited
carriers. It is generally derived from an additional short-circuit current image. However, since Byy
is negligible in comparison to Iyxy, it has been ignored for simplicity. Cxy is a calibration constant

which can be expressed as:

%
Cry = 1y - €Xp (—ﬂ) (6.2)

Here Iy is another open-circuit PL image at a lower illumination intensity (0.1 sun for this

work). Vo is the measured open-circuit voltage of the entire cell.

The high-speed spatially resolved EQE and reflectance measurements were performed with a cus-
tomized Tau Science FlashQE system. The FlashQFE system is an LED based EQE measurement
system that utilizes unique modulation frequencies for each LED to enable full spectrum measure-
ments in approximately one second. The LED’s are focused onto a 4 mm spot size and measure-
ments are performed as the light beam is moved across the cell with an automated x-y gantry. An

integrating sphere is used to simultaneously measure reflectance at each location. In this case, the
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Figure 6.2: EQE and reflectance spectrum highlighting various Jgc losses (a) front surface re-
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face 1oss (J1oss-b)

EQE and reflectance were measured on a 10x10 grid for each cell (i.e., 100 points on each cell,
equally spaced). Measurement at each of these points takes approximately 1 second [89]. The
measurement locations were set to avoid the busbars and had the same amount of physical shading

fraction from the metalization for all the measurements in a cell.

Different loss components of the short-circuit current density (Jgc) were extracted using the method
outlined in [145], including: (a) front surface reflectance (Jgr.r); (b) escape reflectance (Jr-esc) ; (€)
parasitic optical absorption at the front (e.g., silver paste, anti-reflection coating) and recombi-
nation loss in the emitter (Jjoss.e); and (d) recombination loss in the bulk and rear, or base, and

parasitic absorption in the rear metal (Jjo55.p), as depicted in figure 6.2.
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Since the spot size is larger than the gridline spacing, it is not possible to measure only the active
area of the cell. To account for this, the shading fraction due to the cell metallization is inten-
tionally kept consistent for each measurement. Following the same method outlined in previous
work [145], the reflectance and EQE data was adjusted to represent only the active area of the
device as depicted in figure 6.2. Figure 6.2 shows that approximately 5% of the incident light gets
reflected from the cell’s front surface. As light enters into the cell, short wavelengths are efficiently
absorbed, while a significant portion of the longer wavelength light may pass through the cell. The
longer wavelength light may reflect from the rear side metallization and some of this light escapes
the cell. This light is referred to as escape reflectance. Since escape reflectance occurs only in
the longer wavelengths, the total reflection (sum of front and escape reflectance) increases rapidly
after certain point in longer wavelength region (approximately 1020 nm in this study). The differ-
ence between total and front reflection provides escape reflectance. Absorption in the antireflection
coating is assumed to be negligible, so the internal quantum efficiency (IQE) is calculated from the

measured value of EQE, reflectance (R) and effective shading fraction of the gridlines (f4) [89],

roE (1) - ECER)

— ) 6.3
1 =R~ ferf ©.3)

In this work, 5% shading loss was calculated depending on the size of the light spot, the pitch
and the width of the gridlines. Apart from the losses due to reflection and shading, additional
losses also occur in the bulk, emitter and the rear surface of the cell due to parasitic absorption and
nonradiative recombination at the defects, dislocations, grain boundaries, and poorly passivated
surface regions. The emitter loss can be approximated using the model proposed by Fischer et
al. [12] that can effectively replicate the impact of carrier generation and carrier collection within
the emitter. Using this model, it becomes possible to separate the contribution of current loss
that occurs from light absorbed within the emitter, from current loss occurring within the base of

the cell. This approach was validated in previous work [145] and is represented by the following
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equation;

1 W 1
I0E(2) = kexp( Ly (/U) 1+LLa(fAf) 64

Here, L. is the effective diffusion length in the base, W, is a hypothetical dead layer thick-
ness, L, is the absorption length, and k& is a scaling factor which is independent of wavelength but
depends on the experimental conditions. In addition to separating emitter vs. base loss compo-
nents, this approach also leads to two valuable performance metrics; Wy and Loy Loy is the base
contribution to the effective diffusion length, that excludes any influence from the emitter or front
surface of the device. W, is a model parameter that does not represent any physical dimension
within the device, but correlates to the recombination occurring within the diffused emitter and
front surface of the device. Recombination due to the emitter dopant concentration is assumed to
be the dominant factor driving this metric, as the front surface is effectively passivated with the

SiNx ARC.

Once the area above the EQE curve is assigned to one of the four loss mechanism shown in figure
6.2, an effective J,. loss is calculated using the spectrally dependent mechanism and the standard

AM 1.5 solar spectrum as the incident photon flux and the following equation[145];
1280 nm
Jo—e / EQE (1) ¢in (1) dA 6.5)

Here, e is the charge of an electron. The limits of integration are taken from 365 nm to 1280
nm based on the LED’s within the FlashQFE system that best approximated the typical absorption

range of silicon solar cells.

The non-destructive cTLM measurements were performed using a BrightSpot Automation ContactSpot-
PRO system, capable of three second takt times. The contact resistivity (p.) and emitter sheet re-

sistance (Rgheer) Were extracted from the cTLM measurements using the technique in [70]. The p.
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and Rgpeer Of ¢-Si solar cells are traditionally measured using TLM measurements, wherein the test
structures are created by isolating strips of a cell (e.g., laser scribe then cleave) or by fabricating
special test structures within a wafer. The former can be applied to industrial cells, but is destruc-
tive, and the latter is non-destructive, but can’t be used on industrial cells. The non-destructive
technique used in this work relies on hiding circular TLM (¢TLM) structures within the busbars
of the cells and therefore doesn’t result in any additional shading of the cell, so it can be used on
finished solar cells [89]. The implementation of these structures within the busbars of solar cells

has little to no impact on the solderability of the interconnects.

Dark lock-in thermography (DLIT) measurements were performed to spatially map power dissipa-
tion in selected cells. These were carried out by pulsing a 500 mV forward bias through the cells
in a square wave at 2Hz and measuring the synchronized thermal emission signal with a cooled

FLIR InSb infrared camera.

Table 6.1 lists all the parameters determined based on the characterization methods described

above. The notations used here will be used throughout the following sections.

Results and Discussion

Losses and Process Variations from Cell to Cell

[luminated /-V, Suns-Voc, PL, high speed EQE + R (10 x 10 spots), and cTLM measurements
were all carried out for the approximately 400 finished solar cells coming from the same produc-
tion line. Doing all these measurements for a high volume cell group has provided an unique
opportunity to investigate the causes behind losses in solar cells and the relationships among dif-
ferent performance parameters. Histograms of some of the various parameters determined from

this combination of measurements are shown in figure 6.3. The efficiency, Jsc, Voc, and FF of the
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Table 6.1: Parameter Overview

Measured Parameters Symbol | Name of the Measurement
Short circuit current Isc Illuminated I-V
Open circuit voltage Voc [lluminated I-V
Global short circuit current density Jsc [lluminated 7-V
Global series resistance Rg Illuminated I-V, Suns-Voc
Dark saturation current density (ideal) Jo1 Suns-Voc
Dark saturation current density (non-ideal) Joo Suns-Voc
Effective carrier lifetime Teff Suns-Voc
Bulk resistivity Pbulk Suns-Voc
Sheet resistance Rsheet cTLM
Contact resistivity Pc cTLM
Spatially resolved voltage Vy PL imaging
Spatially resolved effective diffusion length Legt FlashQE
Spatially resolved current density Jscxy FlashQE
Spatially resolved current loss in emitter Jloss-e FlashQE
Spatially resolved current loss due to front reflectance JR-f FlashQE
Spatially resolved current loss due to escape reflectance | JR.esc FlashQE
Spatially resolved current loss in the bulk & rear side Jloss-b FlashQE

cells were obtained from illuminated /-V measurements. Suns-Voc measurements provided the
effective carrier lifetime (7.), Rs, and the dark saturation current densities, Jo; and Jgo;. The EQE
and R measurement allowed the calculation of current loss due to the front reflectance (Jr_¢), escape
reflectance (JR-esc), and losses in the emitter (J1o5.¢) and base and rear side of the cell (Jiy4.5). The
PL measurements provided the images of open-circuit voltage (Vyy), and the cTLM measurements

provided the sheet resistance (Rgpeer) and contact resistivity (p¢).

The distributions of the parameters can help quantify variance due to both incoming materials (e.g.,
wafer quality) and specific unit processes (e.g., texturing, phosphorus diffusion, SiNy deposition,
metallization), further providing insights into what loss mechanisms limit cell performance. The
results can help prioritize efforts to optimize performance of the production line and be used to ac-

tively control unit processes. For example, histograms of the loss parameters determined from the
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EQE + R data show that loss in the bulk/rear of the cell (i.e., Jioss.p) 1s the primary limiting factor
for Jgc, followed by front surface reflectance (i.e., Jr¢). Regarding the shape of the histograms,
a skewed Gaussian distribution is observed for efficiency, Jsc, Voc, Jo1> J02, Reescs Jloss-bs Vxys
and p.. In all cases, the tail of the histrogram for these parameters is located on the side represent-
ing poor performance (e.g., low values of V¢, high values of Jy;). The histograms of FF, 7.,

Rgs, Jioss-e» and Rgpeer appear to have a normal Gaussian distribution.

In a practical sense, efficiency is the most important parameter of a solar cell. In figure 6.4,
the efficiency values from the I-V measurements were compared with parameters obtained from
Suns-Voc, ¢cTLM, PL and FlashQFE measurements for the whole group of cells. A few outliers
were excluded from this analysis, including broken cells and cells with severe shunting issues.
Figure 6.4(a) shows a strong linear relationship between efficiency and Jo;, which represents the
dark saturation current density of the diode with a unity ideality factor. A significantly weaker
relationship is found between decreasing efficiency and J; loss, the dark saturation current density
with an ideality factor of two that is commonly attributed to recombination within the depletion
region. The steeper slope and stronger correlation between efficiency and J; points to the fact that
quality of the bulk and the surface passivation has the strongest impact on efficiency for these cells.
An overall increasing trend of the efficiency was also shown to very weakly correlate with increase
in Rg. This is because Rg for these cells is driven primarily by doping in the emitter and, to a lesser
extent, the background doping concentration in the bulk of the wafer. Higher doping levels reduce
the Rg losses, but they increase the nonradiative recombination and therefore Jy;. Since Jg; has
a much stronger influence on efficiency than Rg, the result is positive correlation between Rg and

efficiency.

Interestingly, figure 6.4(b) shows that efficiency is positively correlated with average Js. and neg-
atively correlated with the spatial standard deviation of Jgc. In monocrystalline silicon Al-BSF

cells, rear surface recombination is almost always the limiting the factor. For multicrystalline sil-
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Figure 6.4: Correlations between the cell efficiency and various parameters, including: (a) Rs, Jo1,
and Jo, measured using I-V and Suns-Vc; (b) the mean Jgc, within-cell standard deviation of Jgc,
and Legr measured with EQE + R; (¢) Jioss-b»> Jl0ss-e, and Jr_¢; and (d) the mean PL intensity at 0.1
sun (yellow) and 1 sun (orange), mean Vyy, and within-wafer standard deviation of Vxy measured
using PL imaging. A few outliers are excluded, i.e., broken cells, cells with cracks and severe

shunts.
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icon Al-BSF cells, like the ones measured in this work, either the bulk carrier lifetime or rear
surface recombination can limit cell performance. The bulk carrier lifetime normally varies more
over the surface of the cell than rear surface recombination, which is why the crystal structure is
observed so clearly in PL and V¢ images. Cells with a large spatial variation in bulk wafer quality
result in a large spatial standard deviation of Jgc, and because of the negative correlation between
efficiency and the spatial standard deviation of Jgc, the bulk wafer quality appears to limit the cell
performance in some cases. The role of the bulk wafer quality and/or rear surface recombination is
further confirmed by the correlation between efficiency and the the effective diffusion length of the
base (i.e., Legr) derived from the EQE data, as well as the correlation between efficiency and Jyogg.p,
shown in figure 6.4(c). Again, it is hard to separate the influence of the wafer bulk carrier lifetime
from rear surface recombination since Legr and Jiogs-p include both recombination mechanisms. No

such correlations are observed between Jjss.e Or the reflectance losses shown in figure 6.4(c).

Figure 6.4(d) shows a significantly stronger correlation between cell efficiency and Vyy obtained
from PL than that of Jsc. The strong correlation of efficiency with Vi, makes sense due to the
strong relationships between Jg;, Voc, and efficiency. Again, for these cells efficiency is limited
by recombination in the bulk and rear, and cells with high bulk/rear recombination will have a

high Jo1, low Vc, and therefore a low Vyy.

Another method of analyzing the data is to evaluate correlations between the numerous parameters
measured with these different techniques. For example, figure 6.5(a) shows which region of the
device is limiting the overall T of the cells. Here, the current loss in the bulk and rear of the cell
(i.e., Jioss-b) correlate to Tegr, Whereas the losses in the emitter (i.e., Jioss.e) do not. Additionally,
Lesr has a strong correlation to Teg, further indicating that that recombination in the bulk and rear
of the cell is limiting T and not recombination in the emitter. This makes sense considering
these are multi Al-BSF cells, which are known to have both a low bulk carrier lifetime and high

recombination at the rear surface since the entire rear side has a metal/semiconductor interface.
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In figure 6.5(b), Suns-Voc and cTLM measurements are used to separate three components of Ry,
including Rgpeer (from ¢cTLM), py, (from Suns-Vpc), and p. (from cTLM). The strength of the
correlations indicates that the Rgheer Of the emitter has the strongest influence on the overall Rg,
followed by the py, of the wafer next. The p. of these specific cells is too low to significantly
affect the overall Rg. Despite the fact that Rg isn’t the limiting factor for cell efficiency, in solar
cell manufacturing, tracking and limiting all losses throughout cell manufacturing is critical to
increase the overall efficiency of the production line. Again, these parameters can be used to
control individual processes, like phosphorus diffusion (Rgheer) and contact firing (p.) or track
variations in the doping of the incoming wafers (py), allowing a manufacturing production team to
minimize the overall Rg and when things go wrong in production, allows them to quickly diagnose

and fix the problem.

A correlation between Jiyss. and the emitter Rgpeer 1S Observed in figure 6.5(c). Another similar
correlation is noticed between Rgpeer and dead layer thickness (i.e., Wq). The dead layer thickness
is a model parameter that correlates with the dopant concentration in the emitter of the cell [12].
Both Jjoss.e and dead layer thickness were derived from the FlashQFE data and account for losses
in the emitter, whereas Rgpee Was measured using cTLM with the ContactSpot-PRO. The current
losses from the emitter and Rgpee; are both heavily dependent on the level of doping within the emit-
ter, however they influence the overall cell efficiency in opposite directions. From a recombination
loss perspective, less doping within the emitter will result in less nonradiative recombination and a
smaller Joss.e. However, less doping results in a higher Rgpeet, adding resistive losses as electrons
travel laterally within the emitter to the front contacts of the cell. By measuring these recom-
bination and resistive parameters independently, the phosphorus doping profile can optimized to

minimize both the recombination and resistive losses due to the emitter.

Another interesting correlation observed in this dataset in figure 6.5(d) is a relatively strong corre-

lation between the J(, value measured by Suns-V ¢, which is a measure of the non-ideal recombi-
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nation of the cell (n = 2), and the ratio of the mean PL intensity at low irradiance (0.1 sun) and high
irradiance (1 sun). Non-ideal recombination can be observed on wafers and cells when the effec-
tive carrier lifetime, and therefore the excess carrier density, shows a strong injection dependence.
Since the PL intensity is dependent on excess carrier density, a simple ratio between PL at low
and high irradiance levels can be used as a metric for this non-ideal recombination. This non-ideal
recombination can be due to recombination in the depletion region (e.g., edge recombination [53],
recombination at grain boundaries or dislocations [20]) and poor field effect passivation at the sil-
icon surface [9], all of which are dependent on the manufacturing materials and processes used to
produce the cells. The influence of this non-ideal recombination on the actual solar cell perfor-

mance is observed in figure 6.5(d) with the very strong correlation between J(; and FF.

Spatially-Resolved Losses for Individual Cells

Table 6.2 lists the performance parameters of three different cells, a good cell, a moderate cell,
and a poorly performing cell. The good cell (18.7%) has higher current and voltage than the
other two, though the fill factor is slightly lower than of the moderate cell. The moderate cell with
17.9% efficiency has both lower current and voltage than the higher efficiency cell. Surprisingly,
the poorly performing cell (16.4% efficiency) has higher current and voltage than the moderate
cell, with a significantly lower FF being the main reason for efficiency loss. In the case of this

specific cell, the drop in FF is due to the presence of a severe shunt.

Table 6.2: Measured performance parameters of the three cells shown in figure 6.6

Efficiency Jsc Voc FF Jscoxy JR-£ JR-esc Jioss-e Jioss-b Joi Joz Rs Pbulk
(%) (mA/em?) W) (%) (mA/em?) | (mA/em?) | (mA/em2) | (mA/em?) | (mA/em?) | (fA/em?) | (mA/m?) | mQ) | (Q.cm)
18.70 3691 0.633 | 80.05 3508 2.98 0.41 0.22 453 630 183 1307 2.39
17.91 36.05 0.618 | 80.32 35.05 3.02 0.40 0.49 521 1170 221 0.957 218
16.37 36.29 0619 | 7282 24.08 285 0.43 4,66 13.05 368 38.0 03 223

In order to investigate how spatial variations in cell defects correlate to the overall cell efficiencies
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Figure 6.6: PL, spatially-resolved Vo, spatially-resolved Jgc, DLIT (at 500 mV, 2Hz) and current
loss analysis images (obtained from point by point EQE+R measurement) of three different cells,
a good cell (18.4%), a moderate cell (17.9%), and a poorly performing cell (16.4%). Note, the
scales of the images are different for better contrast.
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for the cells listed in table 6.2, high resolution EQE and R measurements (97 x 97 point mea-
surement), PL imaging, and dark lock-in thermography (DLIT) [25] were performed. Figure 6.6
shows the resulting images of the uncalibrated PL signal, Voc (from PL), Jsc (from EQE), and the
total power dissipation (from DLIT). For all three cells, the PL, V¢, and Jgc images show similar
patterns due to the known reciprocity between cell efficiency and radiative recombination [137].
The DLIT images show lossy regions as bright instead of dark, as the camera detects heat genera-
tion (i.e., dissipated power) in regions acting as current sinks through either shunting or enhanced

carrier recombination. DLIT can also pick heat dissipated due to resistive losses in the cell.

The poorly performing cell has a dark region near the left edge in all the images (bright in DLIT),
which likely indicates a strong shunt in this region. The discrepancy between the current density
from I-V measurements (36.3 mA/cm?) and the average current density from QE measurement
(24.1 mA/cm?) in table 6.2 occurred because of the shunt. The QE measurement is performed
point-by-point and at lower illumination intensities than the illuminated /-V measurement per-
formed at STC. In the locations featuring the shunt, almost all the photogenerated current funnels
through shunting. The neighbouring locations may also be affected because whenever those loca-
tions generate some current, part of it leaks to the shunt through the gridlines. The presence of a
shunt is not reflected so much in the Jgc value coming from the /-V measurement, although it is
observed in the slope of the I-V and pseudo I-V curves near short-circuit. The reason it does not
affect Jgc as much in the I-V measurement is that when illuminating the whole cell at a time and

taking only one measurement, the shunt saturates, preventing further leaking.

Further image processing was carried out to find the exact location of the shunt. Figure 6.7 depicts a
zoomed in view of the shunt location in the poorly performing cell, coming from different imaging
methods. The images suggest that the shunt is actually under a gridline near the busbar, where the
DLIT image provides the most accurate location of the shunt. A possible reason for this shunt is, at

the time of screen printing, the silver paste may have etched through the p-n junction and touched
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Figure 6.7: A view of the severe shunt for the poorly performing cell (16.4%), including the
in PL, Voc, Jsc and DLIT images.

the base. Although the presence of a shunt immensely deteriorated the performance of the cell, it

occurred only for this one, out of the 400 cells investigated.

Current loss analysis was also carried out using the high-resolution EQE and R data for the three
cells. These images in figure 6.6 provide an idea of the current loss distribution over the surface
of the cell. The scale on the current loss images shows that most of the losses occur in the bulk

of the cell which is related to the crystalline quality of the cell. Looking at the Jiy_ images, we
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notice that this type of loss is more pronounced in the edges and corners of the cells, which likely
occurred because of the higher levels of doping in these regions and therefore higher nonradiative

recombination.

Horizontal lines with high loss values are noticed in the middle of two busbars both in the Jiggs.e
and Jr.f images. These are the regions where the metallic gridlines are connected, visible in figure
6.1(c). Since they have more shading fraction than other regions, they show up in the Jg_f images.
It is well known that the front metal contacts cause high recombination compared to the SiNy
passivated regions, so it makes sense that these regions would also suffer from higher levels of
recombination at the front of the cell. Although the shunt appeared in the emitter and base loss

images, it is absent in the front and escape-reflectance images.

Conclusion

In this work, a comprehensive series of measurements was performed on approximately 400 cells,
including illuminated I-V, Suns-Voc, quantum efficiency, reflectance spectroscopy, PL imaging,
and non-destructive TLM. The distributions of a wide variety of parameters was presented, and cor-
relations between parameters were explored. Multiple methods confirm that these cells are limited
by recombination losses in the bulk and at the rear surface of the cells, including the strong negative
correlation between cell efficiency (I-V) and J; (Suns-Voc) and Jioss.p, (FlashQFE), and strong pos-
itive correlation between efficiency and Teg (Suns-Voc) and Legr (FlashQF). Although Rs (Suns-
Voc) is not the limiting factor in these cells, the resistive losses can still be tracked individually, and
in this case Rg is primarily influenced by Rgeer (CTLM) of the emitter, followed by the bulk resis-
tivity of the wafer (Suns-Vc). No correlation is found between Rg and p. (cTLM); it’s too low for
these cells. Interesting relationships were observed across the various techniques. There is a strong

correlation between mean Jsc (FlashQFE), mean PL intensity (PL), and cell efficiency, which is ex-
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pected considering these cells are limited by bulk and rear recombination. The T.g (Suns-Voc) is
strongly correlated with Jioss, and Legs (FlashQFE), but shows no correlation with Jioss_e (FlashQE).
The Jigss-e 1S correlated with Rgheer (CTLM), which confirms that heavier doping will both result in

higher recombination losses within the emitter and a lower Rgpeet-

A subset of additional measurements was performed on three individual cells with varying levels
of performance (i.e., good, moderate, bad), including spatially-resolved quantum efficiency and
reflectance measurements and dark lock-in thermography. From these measurements, the location
and severity of a shunt were identified as the primary factor limiting the efficiency of the poorly
performing cell. These high-resolution imaging techniques can be very useful to gain more insight

into the root case of defective cells taken from a production line.

Access to the loss parameters obtained from these measurements was shown to provide useful
insight into mechanisms driving device performance in terms of optical, resistive and recombi-
nation losses. This approach could be used for process control in a manufacturing environment,
where specific defects can be identified, classified, and their impact quantified. Additionally, many
of these parameters can be tied back to incoming material quality issues (e.g., poor bulk carrier
lifetime, nonuniform wafer doping) or to individual unit processes (e.g., texturing, phosphorus dif-
fusion, silicon nitride deposition, metallization), allowing the data to be used directly for process

control in manufacturing or to prioritize cell efficiency optimization efforts.
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CHAPTER 7: LOSS MITIGATION: SELF-ASSEMBLED
MULTIFUNCTIONAL NANOSTRUCTURES FOR SURFACE
PASSIVATION AND PHOTON MANAGEMENT IN SILICON

PHOTOVOLTAICS

Part of this chapter was published in M. J. Hossain, N. Igbal, G. Doerk and K. O. Davis. Na-
noengineering: Fabrication, Properties, Optics, Thin Films, and Devices XVI, 2019 [91], M. J.
Hossain, and K. O. Davis. 2019 IEEE 46th Photovoltaic Specialists Conference (PVSC), 1901-
1905, 2019 [88] and M. J. Hossain, M. Sun, G. Doerk, P. Kik and K. O. Davis. Nanophotonics,
2021 [93].

This work reports the fabrication and characterization of multifunctional, nanostructured passi-
vation layers formed using a self-assembly process that provide both surface passivation and im-
proved light trapping in crystalline silicon photovoltaic (PV) cells. Scalable block copolymer
self-assembly and vapor phase infiltration processes are used to form arrays of aluminum oxide
nanostructures (Al,O3) on crystalline silicon without substrate etching. The Al,O3 nanostructures
are characterized using scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and spectroscopic ellipsometry. Injection-level dependent photoconductance measure-
ments are used to determine the effective carrier lifetime of the samples to confirm the nanos-
tructures successfully passivate the Si surface. Finite element method simulations and reflectance
measurement show that the nanostructures increase the internal rear reflectance of the PV cell by
suppressing the parasitic optical losses in the metal contact. An optimized morphology of the
structures is identified for their potential use in PV cells as multifunctional materials providing

surface passivation, photon management, and carrier transport pathways.
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Introduction

With silicon solar cell efficiency values approaching their theoretical limit, the elimination of re-
maining energy conversion losses becomes more challenging. Energy conversion losses [89, 90]
commonly take the form of either optical losses (e.g., reflection, parasitic optical absorption, quan-
tum defect) or electrical losses (e.g., carrier recombination losses, carrier selectivity losses, resis-
tive losses). A persistent obstacle to this goal is the fact that many approaches that help lower
one form of loss tend to increase another. Metal contact grids are required to deliver current to
the external circuit with minimal voltage drop, limiting the resistive losses of solar cells. How-
ever, having metal in direct contact with silicon leads to increased recombination loss, and when
the metal grid is placed on the front of the cell it blocks light from getting into the absorber (i.e.,
front reflection loss). Also, when placed on the rear side of the cell, it causes parasitic optical loss
[36, 85, 84, 178]. The current record holding silicon solar cell (26.7% efficient under standard test
conditions) uses a passivating, carrier-selective contact structure to limit recombination and an all
rear contacted configuration to avoid the optical shading of the front contact grid [171]. However,
this cell architecture is very complex to manufacture, and it is unclear if it will gain significant

market share.

Currently, passivated emitter and rear contact (PERC) cells [15, 68, 14] are the primary type of
photovoltaic (PV) cell manufactured around the world [136]. These cells feature dielectric thin
films covering most of the front and rear surfaces, along with local metal contacts (i.e., partially
covering the surface) to extract carriers and deliver current to the external circuit. These dielectric
thin films are multifunctional, in that they both passivate the surfaces and help lower optical losses.
On the front side of the cell, the thin film(s) act as single or multi-layer antireflection coatings
(ARC) [7]; on the rear side of the cell, the thin film(s) help increase the internal rear reflectance,

thereby assisting light trapping for photons with energies near the band edge (i.e., 900-1280 nm)
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[127]. Together, the mitigation of surface recombination and optical losses help maximize both
the short-circuit current density (Jgc) and the open-circuit voltage (Vpoc) of c-Si PV cells [111].
Since the dielectric films are insulating, local contacts are required to extract charge carriers. For
the rear contacts of PERC cells, these are formed using laser ablation to remove the dielectric
and then screen-printing Al contacts to form a local aluminum-silicon (Al-Si) alloy back surface
field (BSF) [135, 120]. This approach of forming local contacts has several limitations. Firstly,
it damages the silicon surface. With an Al contact that can be fired at a high temperature, this
issue is somewhat avoided by the formation of a local Al-BSF. However, this is not compatible
with other contact materials, including various passivating, carrier-selective contact technologies
under development [125, 164]. Another issue is the fact that the combination of laser ablation and
screen-printing leads to a typical contact pitch (i.e., distance between contacts) on the order of mm.
This introduces spreading resistance as carriers must travel further through the base of the wafer

which in turn requires higher levels of doping in the wafer.

Alternative approaches to forming passivated surfaces with nanoscale local contacts have been
demonstrated, but these approaches typically rely on random processes that limit the ability to en-
gineer their optical and electrical properties. One such example was implemented using blistering
in aluminum oxide (Al,O3) passivation layers produced by atomic layer deposition (ALD) [162];
blistering occurs through the gaseous desorption in the Al,O3 layer upon thermal treatments above
a critical temperature. Another example is the POLO (polycrystalline silicon on oxide) process
developed recently, which relies on the breakdown of the oxide layer at very high temperatures.
In this process polycrystalline Si (poly-Si) penetrates the passivating oxide layer, resulting in the
formation of randomly distributed pinhole contacts [73, 130, 58, 50]. In this work, we fabricate
the ordered arrays of Al,O3 nanostructures with various shapes (lamellae, nanoholes, nanopillars)
using the self-assembly of diblock copolymers without any lithography or substrate etching. The

patterns and the sizes of the nanostructures can be controlled by chemical composition of the ma-
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terials, spin coating speed and annealing temperature in the synthesis process [41, 34].

The simultaneous need for high-quality passivation, low optical loss, and small spreading resis-
tance suggests that optimal cell performance may be achieved using a densely spaced array of local
metal contacts, surrounded by passivating dielectric material. In order to achieve such high-density
metal contacts without the need for high resolution lithography, here we utilize a combination of
self-assembly, atomic layer deposition, and metal thermal evaporation to fabricate nanostructured
metal-dielectric networks that function simultaneously as a metallic contact, a high-quality opti-
cal reflector, and a passivating surface.These structures also exhibit great potential for engineering

carrier transport properties.

Formation of Nanostructured Passivation Layers using Self-Assembly

The PV research community has developed numerous passivation materials [18], but only a few
have been adopted by industry. Hydrogenated amorphous silicon nitride (SiNx or a-SiNy:H) is
one such material that provides surface passivation [6, 8, 40] and can act as an excellent ARC.
Thermally grown silicon oxide (SiO,) has also been used for many years, more so in research
environments than in industry. More recently, Al,O3 has emerged as a preferred passivation ma-
terial for solar cells [40, 82, 83, 96] for several reasons. Firstly, AlO3 was shown to provide very
low interface defect density and excellent field-effect passivation by negative fixed charge [45].
Secondly, high-quality and ultrathin Al,O3 can be easily fabricated using atomic layer deposition
(ALD) today. Thirdly, it demonstrates very good stability during processing [40] and can be used

to passivate both the front and the rear side of the cell [160].

Ordered arrays of Al,O3 nanostructures with various shapes (lamellae, nanoholes, nanopillars)

are fabricated using the self-assembly of diblock copolymers without any lithography or substrate
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Figure 7.1: (a)-(c): Scanning electron microscopy image of three different nanostructures (the
white regions are Al,O3) grown using block copolymer self assembly assisted atomic layer de-
position. (d)-(f): Transmission electron microscopy images (cross-section) of the Al,O3 lamellae
nanostructure grown on Si substrate. The sample was carbon coated to protect it from damage at
the time of imaging (d) Bright field image (e) Dark field image (f) O, map using energy filtered
transmission electron microscopy.

etching. This process relies on the selective vapor phase infiltration of precursors into one of the
polymer blocks during the Al,O3 ALD process (details in the Experimental Section). Scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and spectroscopic ellipsom-
etry measurements were carried out to characterize the morphology of these structures. The SEM
images of the nanostructures are shown in Figure 7.1(a)-(c). The width of the lamellae (Figure
7.1(a)) was found to be approximately 15 nm. Both the Al,O3 nanopillars (Figure 7.1(b)) and
nanoholes (Figure 7.1(c)) self-assemble with hexagonal ordering. The diameter of the pillars and

their center to center distance were 16 nm and 36 nm respectively. Similarly, the diameter of the
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holes and their center to center distance were 17 nm and 38 nm respectively. The area fractions of

Al>Oj3 in the lamellae, nanopillar and nanohole patterns are 48%, 28% and 67% respectively.

TEM imaging was conducted at the Al,O3 nanostructure and Si interface. Figure 7.1(d)-(f) illus-
trates the bright field image, dark field image and the EFTEM (energy-filtered TEM) image of the
interface where Si is on the left side. A periodic structure indicative of the cross-section of different
lamellae is readily apparent. The width of the lamellae is found to be approximately 20 nm which
matches with the value from SEM images; the height is approximately 10 nm. The right side of

the images is carbon which is deposited to protect the sample from damage at the time of imaging.

Ellipsometry was also conducted to complement the morphological characterization by SEM and
TEM. To fit the measured data with the material model, Bruggeman approximation and the area
fraction obtained from SEM are used. The presence of an SiO, layer was also assumed. The height
of the structures were recorded for the best fit cases. The SiO; layer thickness was approximately
2.8 nm for all the samples. The height of the lamellae, pillar and hole structures, as obtained from
the fit were approximately 9.2, 10.7 and 13.0 nm, respectively. The morphological data of all the

structures are summarized in Table 7.1.

The Al,O3 nanostructured passivation layers were formed on both sides of a Si wafer. Then,
photoconductance-based effective carrier lifetime measurements were carried out to assess the
surface passivation quality achieved with each of these structures. For an unpassivated sample,
the lifetime value was below the measurement threshold (5 ps). Table 7.1 lists the lifetime ob-
tained with the nanostructures. In the cases of surface passivation with lamellae, nanopillars and
nanoholes, the lifetime values were 115, 119, and 147 ps respectively. The corresponding dark

saturation current density (Jy) values are also listed in Table 7.1.
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Table 7.1: Morphology of the Nanostructures and Their Surface Passivation Properties

Nanostructure | Al,Oj3 area fraction® | Al,O3 height (nm)® | Lifetime (us)¢ | Jo (A/cm?)©
Lamellae 48% 9.2+0.06 115 2.55x107 12
Nanopillars 28% 10.7+0.01 119 2.18x10° 12
Nanoholes 67% 13.0+0.01 147 1.73x10~ 12

3SEM image, Pellipsometer measurement (with effective medium approx.), photoconductance
measurement

Photon Management

Silicon is an indirect bandgap material and it cannot absorb all the incident photons using practical
cell thicknesses, especially when the wavelengths approach the band edge. This motivates the use
of an efficient photon management technique on the rear side to provide the cell with additional
opportunities to absorb photons, thus increasing the overall Jgc. A rear side with a high internal
reflectance is needed to provide the cell with additional chance(s) for absorption. In the presence of
a thick rear metal contact, the transmission is zero; therefore what fraction of the photons incident
to the rear side are reflected back to silicon is dictated by the absorption loss in the metal. Unfor-
tunately, a significant portion of these incident photons are lost through parasitic absorption loss in
the metal [36, 86], even for a high conductivity metal like silver [86, 117, 77]. A dielectric layer
between silicon and the metal resolves this problem by reducing the number of long wavelength
photons reaching the metal [77, 126, 91]. Thus a rear passivation scheme may also improve the

rear side internal reflectance of a cell [86].

In this work, we investigate the potential of the Al,O3 passivating nanostructures for photon man-
agement when applied to the rear side of a silicon solar cell. A 100 nm thick Ni film is grown on
the nanostructured passivation layers, the film representing a nanoscale contact structure shown in

Figure 7.2(a). The front side of all the samples are the same, so their total reflectance is correlated
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Figure 7.2: Optical behavior of the nanostructured passivation layers at normal incidence of light
(a) experimental setup to measure the total reflectance as a function of the variation in the rear side
structure, the front side of all the samples being the same (b) simulated results; the internal re-
flectance was calculated using the finite element method simulation of the rear side and then it was
used for calculating the total reflectance using ray tracing simulation of the wafer (c) experimental
validation: measured total reflectance.

to the rear internal reflectance. Figure 7.2 illustrates the experimental geometry for reflectance
measurement and shows both the simulated and experimental results. For the simulation, the rear
internal reflectance was first calculated using frequency domain finite-element method (FEM) sim-
ulation by CST Microwave Studio software. The results were then included in ray tracing simu-
lations of the total reflectance using SunSolve [1]. The experimental results clearly follow the
same trend as the simulated results; Higher Al,O3 area fraction gives higher reflectance. The sam-
ple with nanoholes has the highest Al,O3 area fraction (67%) among all the nanostructures, so
it shows the highest total reflectance. The bare Si shows comparable reflectance as the lamellae
structure and more than the nanopillars. This is due to higher light absorption in the Ni-Al,03
effective medium formed by the contacts at lower Al,O3 area fractions. However, as the Al,O3
area fraction increases, the complex refractive index of that effective medium becomes more and
more similar to the full area Al,O3 layer, which opposes light reaching into Ni; the reflectance
increases as a result. The simulated reflectance of the wafer with and without lamellae Al,O3 are

comparable, but the experimental results are different. This could be because, the Ni in the FEM
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Figure 7.3: Different rear side contact structures featuring the self-assembled nanohole structures
and their corresponding rear internal reflectance as a function of passivation area fraction and the
nanostructure thickness (calculated for unpolarized light of 1,000 nm wavelength). Both normal
and oblique incidence angles of light at the rear surface are considered based on how different front
side surface morphologies (e.g., random pyramids, subwavelength black Si) redirect light into the
Si absorber.

simulation was more absorptive than the actual Ni used in the experiment. The difference it made
was more evident in case of 100% Ni coating (wafer without lamellae or any nanostructure), than
33% Ni coating (wafer with lamellae). The fact that all the simulated reflectance is lower than
the corresponding experimental reflectance supports this point. It should also be noted here that
because the nanostructures are subwavelength in size, area fraction has more of an impact on the

optical properties of these materials than the shape.
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The opening in these nanostructured passivation layers facilitates nanoscale contact formation for
current collection, and because this is an additive manufacturing process that does not require
ablation or etching, it is broadly applicable to virtually any contacting scheme . In this study, we
considered four possible contact structures, as illustrated in Figure 7.3: (a) Al; (b) Al-Si; (¢) Ni-Cu;
and (d) poly-Si. A SiO; layer of 2 nm, that formed during processing is assumed in all the contact
structures. FEM simulation was conducted to calculate the internal back reflectance corresponding
to each of these contact structures for varying thickness (0-100 nm) and area fraction (67%-100%)

of A1203.

In a Si solar cell with subwavelength black Si front side or a tandem cell featuring Si bottom
cell, the non-absorbed light comes to the rear side at normal incidence. However, most of the
commercial solar cells have a typical random pyramid structure on the front side to enhance light
trapping. In such a cell, 76.4% of the non-absorbed light comes to the rear side at an angle of 41.4°,
the rest being incident at other angles including the normal direction [118, 36, 88]. Acknowledging
the fact that most of the literature describe reflectance characteristics for normal incidence, we
divide our study into two parts: normal incidence (popular case) and oblique incidence (41.4°,
the dominant case). Keeping in mind that sunlight is randomly polarized, we still calculate the
internal reflectance at first for TE and TM sources separately, to clearly understand the influence
of different factors involved. Also, considering the typical cell thickness of about 170 um, most of
the shorter wavelength photons get absorbed before they reach the rear side of the cell. Therefore,

we consider only longer wavelength photons.

Al is a very common contact material that can be applied to a wide range of Si PV cells [59,
109, 121, 115, 26]. Figure 7.3 (a) demonstrates the average reflectance in terms of nanostructure
thickness and passivation area fraction, calculated for 1,000 nm wavelength. For the Al contact,
the normal incidence demonstrates the expected trend i.e. increasing Al,O3 area fraction and

thickness increases the reflectance. However, the reflectance is minimized at oblique incidence for
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a thickness around 25 nm, with 95% area passivated. This is attributable to the TM polarization
contribution (50% of the incident light), in which increasing the Al,O3 thickness initially reduces
the reflectance, then increases it, as illustrated in the Supporting Information (SI) section (Figure
7.77); the arrangement here is similar to prism coupling in the Otto geometry [16], where optimum
coupling occurs at a certain thickness of the dielectric between the medium of incidence (Si in our
case) and the metal. Overall, a thickness and area passivation fraction greater than 85 nm and 95%,

respectively, ensure a high reflectance (>90%) from the rear side of the cell.

Figure 7.4 shows the electric field distribution (complex amplitude |El, including all field compo-
nents) across the Al contact (67% area passivated) TM polarization cases: (a) normal incidence,
10 nm thickness (b) oblique incidence, 10 nm thickness (c¢) normal incidence, 50 nm thickness
(d) oblique incidence, 50 nm thickness, calculated for 1000 nm wavelength and all shown on the
same scale (max |[El=6x108 V/m, and min IEI=0 V/m). The TE cases are less interesting and are
not shown in the figure since there are no surface normal incident fields for any angle, so the fields
near the contact are similar to the TM normal incidence case. There is a notable difference between
7.4(a) and 7.4(c): larger fields at the top of the patterned layer, and the position of the interference
maximum (horizontal bright band) is closer to the surface in (c) with the patterned layer acting
similar to a magnetic mirror (i.e. large field at the surface of the reflector). That suggests we’ll get
more dissipation i.e. lower reflectance for the thick-film case, for TM polarization. Also, The lack
of a dark horizontal band in (b) and (d) is because loosely speaking, the reflection flips the hori-
zontal component of the field, but not the vertical component. As a result, for inclined illumination
the position of destructive interference for E, and E, shows up at different heights, preventing the
formation of a deep interference minimum. For normal incidence illumination there’s no reflected

E_, so there’s a well-defined height for destructive interference in the standing wave.

Other contact types were also investigated. An Al-Si alloy is included in Figure 7.3(b) based on

its use for both full area AI-BSF cells and at the local contacts of PERC cells [134]. The Al-Si

113



Figure 7.4: Electric field distribution (complex magnitude |El) in Al contact (67% area passivated)
in the rear side of a Si solar cell for two different Al,O3 nanostructure thickness, and two angles
of incidence, calculated for 1,000 nm wavelength and TM polarization (a) normal incidence, 10
nm thickness (b) oblique incidence, 10 nm thickness (c¢) normal incidence, 50 nm thickness (d)
oblique incidence, 50 nm thickness.

contact demonstrates similar characteristics as the Al contact, but with lower overall reflectance.
Ni is another metal of interest; though it is a very lossy metal, it is a common seed layer used when
plating Cu [139]. Ni also has a relatively high work function and does not oxidize as readily as
Al so has been used to contact hole-selective materials [71]. The Ni contact in Figure 7.3(c) also
shows that increasing passivation area fraction and thickness increases internal reflectance. Finally,
poly-Si (Figure 7.3(d)) is considered because poly-Si passivating contacts have gained significant
traction within the PV industry due to their ability to dramatically limit contact recombination
[51, 52, 169, 42, 74, 28, 105]. The poly-Si exhibits complicated reflectance characteristics unlike
the other 3 contacts studied, including a region with low reflectance at high film thicknesses and
passivation area fractions. This is due to the emergence of waveguiding effects as Al,O3 thickness

is increased, as discussed in the SI section (Figure 7.6).
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Simulations were carried out using SunSolve to quantify the gain in Jgc due to photon management
properties of the contacts featuring the nanostructured passivation layer. A random pyramid tex-
tured front side with a 75 nm SiNy ARC and a 170 um thick Si solar cell was assumed here. For Al
contact, the reflectance of the unpassivated surface is around 83% at oblique incidence (dominant
case). This gives a Jgc of around 38.6 mA/cm? (Figure 7.8 in SI section). For any passivated area
fraction greater than 67% and Al,Os3 thickness greater than 80 nm, the internal reflectance climbs
above 97% which gives a Jgc of around 39.5 mA/cm?, a gain of 0.9 mA/cm?. For a lower cell
thickness, for example 50 um, this gain could be around 1.0 mA/cm?. For the Ni-Cu contact, the
reflectance of an unpassivated surface is very low, about 41%. Using a 100 nm thick nanostruc-
tured passivation layer with 97% area coverage shows 83% reflectance, which gives a gain of 2.9
and 2.1 mA/cm? over the unpassivated surface for 50 um and 170 um cell thicknesses, respectively.
These values show the potential of our nanostructured passivation layers for improving the Jgc of

a cell substantially.

Charge Carrier Transport

In most PV cells, photogenerated carriers (electrons and holes) are collected both at the front and
rear side of the cell. For passivated surface with partial contacts (e.g., PERC), the carriers have to
travel a lateral distance before they can be collected (Figure 7.5(a)), leading to spreading resistance
(Rgp). The first PERC cells had contact area fractions of about 1% with a contact pitch of 1 mm
[15, 68, 14]. In recent years, the contact pitches of PERC cells have ranged from 1 um to 1 mm with
typical contact fractions of 1.5-5% [29, 30]. By forming nanoscale contacts, our nanostructured

passivation layer can minimize the distances required for lateral carrier transport.

Figure 7.5(b) shows the R, versus passivation area fraction calculated using the analytical 2D

carrier transport model outlined in [65] and [64]. A bulk resistivity of 1 Q-cm was assumed for
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Figure 7.5: Charge carrier transport characteristics in nanostructured contacts (a) Charge carrier
transport mechanism in the rear side of a silicon solar cell featuring nanoscale passivated contacts
(b) Spreading resistance, Ry, in the bulk of the wafer for different contact diameters, nanoscale:
20, 50, 100, 200, 500 nm, and microscale: 50 pm.

this study. For microscale contacts, representative of current PERC cells, the Ry, climbs rapidly
as we increase passivation area fraction; for 50 um contact diameter the Ry, value reaches around
0.25 Q-cm? at 98% passivated area fraction. In contrast, Ry, is far less sensitive to the passivated
area fraction for nanoscale contacts: Nanoscale contacts with diameters ranging from 20 to 500
nm achieve more than an order-of-magnitude reduction in Ry, (= 0.02 Q-cm?) compared to mi-
croscale contacts for 98% area passivation. These calculations highlight the great potential our

nanostructured passivation layer holds for a new generation of partially rear contacted cells.

Conclusion

Multifunctional, nanostructured passivation layers were fabricated in this work using a block

copolymer self-assembly method resulting in three different shapes with different Al,O3 area frac-
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tions: a lamellae structure (48% Al,Os3 area fraction); nanopillars (28%); and nanoholes (67%).
This approach is an additive manufacturing process that does not require etching or laser abla-
tion. Optoelectronic and optical measurements of these structures demonstrate that both surface
passivation and improved photon management can be achieved for Si PV cells. Effective carrier
lifetimes in the range of 115-147 ps are obtained on Si wafers with the nanostructured passivation
layers, compared to less than 5 us for unpassivated Si wafers. The highest lifetimes are achieved
with the nanoholes, since they feature the largest Al,O3 area fraction (67%). There is still room
to improve the passivation performance in the future by further increasing the Al,O3 area fraction

and/or modifying the infiltration process to produce hydrogen rich Al,O3 [69].

Thicker Al,Os3 structures with a larger area fraction yield a higher rear internal reflectance and are
therefore better equipped to minimize optical losses. This is confirmed both by optical simulations
and experimental reflectance measurements, wherein the nanoholes yield the highest internal rear
reflectance. Simulations using the experimentally validated model were carried out on four types
of contacts: Al; an Al-Si alloy; Ni-Cu; and poly-Si. These simulations confirm that, thicker Al,O3
structures with a larger coverage area provide the largest increase in the rear internal reflectance.
Various scenarios predict potential increases in the Jgc of ~0.9-1.0 mA/cm? for Al rear contacts
on Si PV cells with 170 um and 50 pum thick absorbers, respectively, and show increases of 2.1-2.9

mA/cm? for Ni-Cu rear contacts.

Future work will aim at the integration of these nanostructures into Si PV cells. Ultimately, the
ability to engineer the structure of passivation layers at the nanoscale using scalable self-assembly
processes offers the potential to significantly reduce the optical, recombination, and resistivity

losses of not only Si PV cells, but other types of PV cells and optoelectronic devices [161].
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Experimental Procedure

Fabrication: Block copolymer self-assembly-assisted oxide nanostructure formation

Self-assembled block copolymer (BCP) Al,O3 nanostructures were synthesized on both sides of
p-type silicon float zone (FZ) wafers, with a ~2 nm native SiO; on it. The thickness and the base

resistivity of the wafer were 300 um and 85-115 Q-cm respectively.

Materials

A hydroxyl-terminated polystyrene-poly(methyl methacrylate) (PS-r-PMMA-OH) random copoly-
mer [60 mol % styrene, determined by '>*C NMR, M, = 9.2 kg/mol, PDI = 1.35 (determined by
gel permeation chromatography relative to PS standards)]13 was obtained as a sample from Dow
chemical already dissolved in propylene glycol monomethyl ether acetate (PGMEA) and diluted
with additional PGMEA to a 1% (w/w) concentration before use. Lamellae-forming 75 kg/mol
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA; (M;, = 38-37 kg/mol; PDI = 1.08),
PMMA cylinder-forming 67 kg/mol PS-b-PMMA (M,, = 46.1-21 kg/mol; PDI = 1.09) and PS
cylinder-forming 71 kg/mol PS-b-PMMA (M,;, = 20-51 kg/mol; PDI = 1.07) BCPs were purchased
from Polymer Source and used as received. Upon self-assembly, these BCPs form morphologies
corresponding to lamellae, nanopillar and nanohole structures, respectively. For film casting, all

BCPs were dissolved in toluene at a concentration of 1% (w/w).

BCP Thin Film Self-Assembly

The BCP assembly process was conducted according to previously described methods [41]. Briefly,

to promote vertical domain orientation, substrates were grafted with the PS-r-PMMA-OH) random
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copolymer, which minimizes preferential substrate wetting between the two blocks. First, a ran-
dom copolymer films were spin-casted onto the substrates at 1500 rpm for 30s. Polymer grafting
to the substrates was achieved by baking on a hot plate for 5 minutes at 250°C under continuous
N, gas purging using a Wenesco hot plate. The excess ungrafted random copolymer was then re-
moved by spin-rinsing the sample with PGMEA at 3000 rpm for 30 s. BCP was then spin-coated
at a speed of 3000 rpm and thermally annealed for 5 minutes at 250°C under continuous N, gas

purging to achieve self-assembly.

Formation of oxide nanostructures

The Al,O3 nanostructures were synthesized by vapor phase infiltration approach described previ-
ously [106, 131]. Briefly, vapor phase infiltration was performed using four cycles of exposure to
trimethylaluminum and water vapor (100 s each) at 85°C in a commercial atomic layer deposition
tool (Cambridge Ultratech Savannah S100) with a base pressure of <3 Torr. The chemical selectiv-
ity of Al,O3 deposition for PMMA moieties means that it is deposited almost exclusively within
the PMMA domains. After infiltration, the polymer template was removed by O; plasma ashing
(March Plasma CS1701F, 100 mTorr, 20 W, 300 s) to reveal alumina replicas of the self-assembled

PMMA domain structure.

Metal deposition

To form the contacts, 100 nm thick Ni was deposited on the samples using a Temescal FC-2000

evaporation system.
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Characterization

Lifetime measurements using photoconductance coil

The samples were annealed at 400°C for 15 minutes to activate the passivation. As a note, the op-
timal annealing temperature is 350-450°C [39]. The quasi-steady state photoconductance method
(Sinton WCT-120) was then used for the measurement of effective carrier lifetime at the excess

carrier concentration (An) of 10" cm™.

Scanning electron microscopy (SEM)

A Hitachi 4800 SEM was used for SEM imaging on the samples. It provided the 2D morphology

of the nanostructures.

Transmission electron microscopy

The samples were coated with carbon to protect it from any damage from the focused ion beam.

STEM was used for TEM images and FTEM for the elemental maps (O, SiO», Si, Al).

Ellipsometry

A Woollam M2000 Spectroscopic Ellipsometer was used to estimate the area fraction of Al,O3
and thickness utilizing an effective medium approximation. The measurement was carried out
from 240 nm to 1685 nm wavelength at five different angles of incidence: 50°, 55°, 60°, 65°, and
70°. The acquisition time was 20 s which ensured a very high signal to noise ratio. The acquired

data was fitted into optical model to estimate the area fraction using CompleteEASE software.
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Reflectance measurement

A reflectance probe based measurement system from StellarNet is used for measuring specular
reflectance. The system features a halogen lamp, and Si (shorter wavelength) and InGaAs (longer
wavelength) detectors. An aluminum based mirror was used for calibration purpose and the mea-

sured data is processed using the actual reflectance data of the mirror found in the data-sheet.
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Supporting Information: Self-Assembled Multifunctional Nanostructures for Surface Passivation

and Photon Management in Si Photovoltaic Cells

Internal reflectance calculation using finite element method simulations for four different contact

Structures

Figure 7.6 illustrates the internal reflectance characteristics of the the contacts featuring Al,O3
nanohole structures. For Al contact, TE polarization (both normal and oblique incidence) shows
increase in reflectance with increasing Al, O3 thickness. This is because thickening the Al,O3 layer
inhibits the photons reaching Al, thus reducing the parasitic absorption loss in it and increasing the

internal reflectance. Covering more area on the metal surface with Al,O3 enhances this effect.
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Figure 7.6: Internal reflectance characteristics of four nanostructured contacts used at the rear side
of a silicon solar cell: (a) Al; (b) Al-Si; (c) poly-Si; and (d) Ni-Cu. Both TE and TM polarization,
and normal and oblique incidence are considered in this study.
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Therefore we see that the nanostructured contacts (67% area passivated in this case) show lower
reflectance than a full area (100% area passivated) passivated contact. Also, we notice that any
passivated area fraction and any thickness gives higher reflectance than no passivation. Following
the law of Fresnel reflection, the oblique incidence provides higher reflectance than the normal

incidence.

The nanostructured contacts are orderly distributed and sub-wavelength in size. Therefore, the
electric field oscillation in case of normal incidence of light experiences the same set of materials
for both TE and TM polarization. As a result, the internal reflectance for TM-normal incidence is
equal to that of the TE-normal incidence. The TM oblique incidence shows an interesting property.
Putting a thin layer of Al,O3 (around 5-10 nm) drops the reflectance for the full area passivation,
the nanostructured contact following the same trend. Increasing the thickness beyond that increases
the reflectance monotonically. The reason of the initial drop in reflectance is not related to the
contact morphology, rather to the material properties of the materials involved in the interface. To
confirm it, the Fresnel reflection from a stack of Si, Al;O3 and Al layers is calculated for 1,000
nm wavelength. As illustrated in Figure 7.7, the TM-oblique incidence shows a drop in reflectance
initially then it keeps growing with Al,O3 thickness. The arrangement here is similar to the prism
coupling in Otto geometry [16], the resonance of which occurs at certain thickness of the dielectric

between the medium of incidence (Si in our case) and the metal.

The Al-Si contact shows similar reflectance trends as the Al contact in Figure 7.6. Because the
complex refractive index (i.e., n, k values) difference between Si and Al-Si is less than that of Si
and Al, the reflectance from Al-Si contact is lower than that of Al contact. One important note
here, although the Al-Si contact shows lower reflectance than the Al contact, it provides some

surface passivation in addition to working as a better contact structure in terms of charge transport.

The next contact structure in the Figure 7.6 is poly-Si contact. In this case, putting a thin Al,O3
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Figure 7.7: Reflectance of a full area Si-Al,O3 contact for different polarization and angle of
incidence, calculated for 1,000 nm wavelength using Fresnel equation. TM oblique incidence
shows different behavior than the other three cases i.e. the reflectance drops initially with thickness,
then increases.

does help the reflectance. However, once the thickness grows beyond 50nm, it creates a waveguide
like scenario between Al,O3 and Al. Because of this, for higher thickness the reflectance does
not stay in a high value for a wider wavelength range. The TM polarization in this case shows
more stable reflectance curve than the TE polarization. This is because, to support a waveguide
mode, TM polarization requires a thicker waveguide than TE polarization. The improvement in
reflectance going from 67% to 100% area passivation was not huge, although it increases to some

extent.

The last contact structure in this study is the Ni+Cu contact. It is well known that Ni is a lossy
metal. It’s great that covering Ni with Al,O3 shows increased internal reflectance, the trend being
similar to Al and Al-Si contact i.e., thicker and higher area passivation provides higher internal

reflectance.
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Figure 7.8: Dependence of short-circuit current density on cell thickness and internal reflectance,
assuming a random pyramid texture with a 75 nm thick SiNy anti-reflection coating in the front
side of a silicon solar cell.

Influence of cell thickness and rear side reflectance on short-circuit current density

Figure 7.8 demonstrates the Jg¢c contour plot. We observe that the Jg¢ is positively correlated with

rear side internal reflectance and cell thickness.
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CHAPTER 8: CONCLUSION AND FUTURE WORK

New methods of measurement and mitigation of optical, recombination and resistive losses are
introduced in this work. Chapter 1-4 introduced the current trends and challenges in silicon pho-
tovoltaics, physics of solar cells, solar cell fabrication methods and issues related to the manufac-

turing imperfections, and solar cell and module measurement methods.

Chapter 5 presented a new and more accurate method of calculating spatial distribution of solar
cell performance parameters. The method relies on the incorporation of short-circuit current den-
sity image derived from the quantum efficiency scanning with luminescence images captured at
different bias conditions. This method shows that using the global cell Jgc with luminescence does
not provide an accurate representation of the parameter distribution over the cell. The method
developed is excellent for cell parameters; however, as it requires biased photo-luminescence mea-
surement, it is not ideal for module imaging. Future work may therefore take the approach using

electroluminescence characteristics only.

Chapter 6 presented a comprehensive methodology to evaluate losses and process variation in sili-
con solar cell manufacturing. This methodology could be used for process control in a manufactur-
ing environment, where specific defects can be identified, classified, and their impact quantified.
Additionally, many of these parameters can be tied back to incoming material quality issues (e.g.,
poor bulk carrier lifetime, nonuniform wafer doping) or to individual unit processes (e.g., textur-
ing, phosphorus diffusion, silicon nitride deposition, metallization), allowing the data to be used
directly for process control in manufacturing or to prioritize cell efficiency optimization efforts.
When it provides important insights using one to one correlations among different parameters,

further understanding could be derived using a multivariate approach of correlations.

Chapter 7 presents self-assembled nanostructures that mitigate the optical, recombination and re-
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sistive losses occuring in silicon solar cells. Using these nanostructures for surface passivation
and/or rear side optics in a solar cell is not something found in the literature. In this regard, it is
a completely new work. Although they are shown to work in silicon solar cells, they can poten-
tially be used in other optoelectronic devices like light emitting diode, photodetector and sensors.
Importantly, at present the nanostructures are sub-wavelength in size, forfeiting the potential ad-
vantage of diffraction and scattering in increasing the Jgc further. From an optical perspective,
ideal nanostructured passivation layers would display feature sizes approaching ~250 nm. Fortu-
nately, achieving these dimensions using block copolymers is potentially feasible now as a result
of recent advances in the self-assembly of ultrahigh molecular weight block copolymer thin films.
To summarize, we need to develop a self-assembly based fabrication process that would provide
a larger yet nanoscale feature size, still maintaining a passivation area of around 95%. Such a
structure would optimize the solar cell performance in terms of surface passivation quality, photon

management, carrier transport, and efficiency as a result.
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