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Preface

There are hundreds of books and millions of papers written on solar cells. So why
is there a need for another book? I can make valid arguments about the subject mat-
ter and why there is a need for this kind of book, and along the way, will do so. First,
I feel it is important for the reader to understand my motivation. Let’s just look at
the income inequality curve in the United States [David Leonhardt, Aug. 7, 2017,
NYT Op-Ed Column] and try to put it into some kind of perspective. There is none;
all the wealth and resources are controlled by relatively few people. If this situation
was not bad enough, the coronavirus pandemic of 2020 has made it far worse.
Originating from a developing country and having worked in one for a few years, I
believe that income inequality is even worse in rest of the world. This level of
income inequality is unsustainable, morally repugnant, and will lead to a cata-
strophic end. A logical extension of this business model will force a majority of the
human race to live in congested areas as captive customers to big business. Imagine
what would happen if there is another pandemic that is far deadlier than the one we
are facing now?

Renewable energy offers an alternative. It can serve as a platform for economic
and intellectual growth, especially in developing countries. The ability to generate
electricity is the key to this renewal and Si photovoltaic technologies the only solu-
tion. If Si PV technologies are controlled by multi-national corporations — their only
objective is to make a profit, not just the income inequality but the gap between
developed and developing countries would continue to widen. I have articulated a
cottage industry approach to photovoltaics [Can Silicon Photovoltaics be a Cottage
Industry? Saleem H. Zaidi, et al., Proceedings 33rd IEEE PVSC, 2008]. My per-
sonal experience in countries where this approach is most needed has been discour-
aging. The challenges come from inertia, educational, and socio-economic
factors — all of which are far beyond my ability to control. So, I have considered
these questions: How to achieve self-reliance? How to generate energy indepen-
dence? and How to create self-sustainable communities? The answer to me is to do
what I can to facilitate the development of PV as a cottage industry. I believe there
are no shortcuts in science; without knowledge and skills, nothing can be achieved.

ix
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There is a common misconception about the cottage industry approach. A cot-
tage industry is defined by the education, social, and economic development of a
society. For example, a simple screen printing business is a cottage industry in any
society, however, an ion implantation system or a vacuum deposition system can
only be a cottage industry in few select countries. As an example, take the solar cell,
it can be manufactured with simple screen printing technology or more advanced
technologies based on pulsed lasers, ion implantation systems, and so on, yet it is
still a solar cell. Let’s compare this to something many of us are familiar with — rice.
Rice comes in many varieties and prices, especially so if you go to market in a
developing country. The best rice is “BASMATI”, which is significantly more
expensive but it tastes good and people who can afford it purchase it. Same way
with solar cells, they can be manufactured using advanced methods such as those
practiced by Sony and SunPower. Alternatively, a solar cell can also be manufac-
tured using simple means at far lower cost — it will still produce electricity even if
the efficiency is 16% instead of 22%. As far as I know, one thing we are not running
out in the world is getting additional land for solar panels.

With these thoughts in mind, I resolved to write books as part of a series: “Carbon
to Silicon — A Paradigm Shift in Electricity Generation.” The first volume is on the
heart of the PV technology: crystalline silicon solar cells; subsequent volumes will
be on instrumentation in renewable energy and PV-based microgrids. These books
are designed to provide relevant technical material on renewable electricity genera-
tion to make it easier for those interested in creating a better world than the one we
are born in.

Albuquerque, NM, USA Saleem Hussain Zaidi
January 31, 2021
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About the Book

This book has been written from the perspective of an unorthodox professional with
extensive hands-on experience in solar cells. Simple language and software tools
are used to analyze a solar cell for the benefit of a person with little familiarity to
photovoltaics. Solar cell functionality is described in terms of its three technical
areas: materials, optics, and metallization. In-depth description of technical areas
including process and equipment is provided. Subject matter will be of interest to
the trained as well as untrained aspiring photovoltaic professionals. Solar cell fabri-
cation methods described in this book lead to solar cells with efficiencies in
16-20% range.

Author’s objective is to introduce solar cells to fresh, innovative, and adventur-
ous minds at college level in order to facilitate development of vertically-integrated
cottage-industry type photovoltaic enterprises. For example, a texturing enterprise
will supply textured wafers to a second company for subsequent diffusion and anti-
reflection processing, which in turn, will supply processed wafers to a third com-
pany for metallization. This will lead to economic growth and innovation at grass
roots level. This is, in contrast, with current business model practiced by ever larger
multi-national companies, which integrates all these steps with excessive automa-
tion at increasingly prohibitive startup costs. This large scale business model, if
taken to its logical consequence, will effectively put PV technologies out of the
reach of those who need it most.
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Chapter 1
Sustainable Electricity Generation

Self-sufficiency in energy generation ensures economic prosperity. There are two
challenges: fossil fuel depletion and income inequality. The first is manifested in
environmental impacts and global resource wars. The second is evident in multiple
indicators including wealth control by less than 0.1% of world population, growth
of mega cities, and marginalized economic opportunities in rural areas. Industrial
development in technologically advanced countries is traceable to electricity, its
generation, distribution, and consumption, which has led to large-scale electricity
generation and distribution networks. This model, if replicated in developing coun-
tries in its entirety, will create untenable situation in terms of economic and environ-
mental sustainability, economically by creating more state-supported business
monopolies and environmentally by relying on fossil fuels at the expense of green
renewable energy resources.

Renewable energy (RE) has the wherewithal to reverse this trend through decen-
tralized electricity distribution based on distributed resources. This requires renewed
focus on targeted education, hands-on skills, technical training, and human ingenu-
ity. Practical implementation of this model to rural and indigenous communities can
be facilitated through development of renewable energy-based cottage and commu-
nity industries. With reference to photovoltaic technologies, the use of cottage
industry might sound unreasonable; however, one should keep its use in perspective.
A cottage industry in a county like the USA is entirely different than its counterpart
in a developing country. Inherent flexibility in PV technological sectors (solar cell,
panel, system integration) offers vast and unrealized opportunities in the develop-
ment of cottage/community industries over broad technological range. For example,
an industrially produced solar cell with efficiency in 16-20% range can be manufac-
tured using advanced equipment such as ion implanters, vacuum sputtering equip-
ment, or a simple screen printing combined with furnaces without using toxic
chemicals. It all depends on a society’s educational and socioeconomic background.
One thing is certain, development of cottage/community industry model is impos-
sible without education. The author of this book has articulated the development of
RE as a platform for economic transformation. This book focuses on the crystalline

© Springer Nature Switzerland AG 2021 1
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2 1 Sustainable Electricity Generation

silicon solar cell, which is the heart of the PV technology. All relevant aspects of the
solar cell are described in a language and format favorable to those not trained in
semiconductor physics. Later books in this context will focus on RE instrumenta-
tion and PV-based micro grids.

This chapter starts with a review of interdependence between energy usage and
prosperity, followed by electricity generation and distribution models, and resource
and economic impact analysis to reaffirm crystalline silicon solar cell as best and
uniquely qualified RE alternative to meet global energy requirements. This is fol-
lowed by comprehensive analysis of solar cell in terms of relevant process parame-
ters, and finally, specific, inexpensive, simple, and environmentally beneficial solar
cell configurations are illustrated to fabricate solar cells operating at efficiencies in
~16-20% range.

1.1 Energy and Economics

Development of human potential requires free access to energy [1]. Energy require-
ments are evident in varied economic sectors including agricultural, transport,
industrial manufacturing, and medicine. A reliable indicator of educational and
socioeconomic status of a society is reflected in its energy usage. It is useful to
review per capita electricity usage across the world and its dependence on gross
domestic product (GDP). Figure 1.1 plots per capita daily energy usage for a few
representative groups of countries [2]. The horizontal bars represent total popula-
tion of countries in the per capita range selected. The principal features of the data
in Fig. 1.1 are summarized below.

3200 _:,.- Africa and Indian Sub-Continent

—, Sy China

360

. USA
;‘ Germany
70 ~ South Korea

' T
0 T
200 1000

|

Population (million)

1500
Per Capita Energy Usage (W/person)

Fig. 1.1 Global distribution of per capita electricity generation plotted for a few selected groups
of countries



1.1 Energy and Economics 3

(i) Per capita energy generation is less than 100 W for approximately 3000 mil-

lion people.

(i) Chinais poised to join advanced countries with current per capita energy usage
below 400 W.

(iii) Developed countries with lower populations produce far more energy than
poorer countries with significantly larger (~ 10-20 times) populations.

(iv) Indian subcontinent and majority of African countries excluding South Africa
combine largest populations with lowest per capita energy generation.

By plotting GDP as a function of per capital energy usage (Fig. 1.2), relationship
between energy usage and economic development is revealed; countries with the
highest energy usage almost invariably have the highest incomes. The principal fea-
tures of the plotted data in Fig. 1.2 are summarized below.

(1) Three orders of magnitude energy generation gap across the world; most
African countries barely produce any electricity.
(i1) Energy usage in developed countries lies in ~600—1000 W range.
(iii)) GDP varies by almost four orders of magnitude as a function of energy usage.
(iv) Countries with the highest population produce the lowest energy.

It is abundantly clear that energy generation and consumption represent keys to
economic prosperity. For example, the ratio of energy generation between the USA
and Congo is ~140, while the GDP ratio is ~250. It must be pointed out that higher
energy generation does not always lead to higher per capita GDP as noted in the
case of Russia presumably due to her cold weather. Some countries such as Mexico
exhibit higher per capita GDP despite lower energy usage. Such discrepancies may

el

Per Capita GDP ($)

vl

0 200 400 600 800 1000 1200 1400
Energy Usage (Watt/person)

Fig. 1.2 Global GDP variation plotted as a function on per capita electricity usage



4 1 Sustainable Electricity Generation

Table 1.1 Greenhouse gas emissions per | MWh electricity generation

Fossil source CO, emission (Ibs) N,O (Ibs) Sulfur oxide (Ibs)
Coal 2249 6 13

Petroleum 1672 4 12

Natural gas 1135 1.7 0.1

PV 0* 0 0?

“Energy utilized in the creation of Si solar cells and panels has been neglected in this calculation

reflect higher revenues generated from oil export and climate. As a general rule,
higher energy generation capacity leads to higher GDP. Per capita energy usage of
~500-600 W is generally associated with a developed country; see, for example,
Italy with GDP of ~ US $ 37,000.00.

A level playing field with per capita energy of 600 W/day for a population of
about 3000 million, i.e., ~ 1.5 E12 W, is required. For carbon-based energy genera-
tion, greenhouse emissions have been estimated for 1 MWh generation as shown in
Table 1.1 [3]; carbon-based energy generation of ~1.5E12 W will add greenhouse
emissions of ~1-2E9 1bs. per hour. Such huge influx will lead to catastrophic cli-
mate changes with global impact. Human survival requires transition from carbon-
based to Si-based energy generation resources; PV energy generation does not
produce any greenhouse emissions. Since, the Earth receives daily sunlight of
~174E15 W, less than 1% conversion of this energy will be sufficient to meet global
energy requirements [4].

1.2 Electricity Generation and Distribution

Established electricity generation and transmission model is described in Fig. 1.3.
Large (100 MW) electricity generation plants, based either on fossil, nuclear, or
hydro resources, are interfaced with transmission grids extending to hundreds of
miles to deliver electricity to consumers [5]. This model traces its evolution to the
early days of electricity generation and distribution in which small scale (100 KW)
of electricity generation plants served neighborhoods through transmission grids
extending to a few miles. In early phase, it was more expensive to produce large
power plants [6]. Later, it became cheaper to produce large-scale power plants with
the cost of large-scale transmission grids relatively low. In today’s world, this sys-
tem of electrical transmission is becoming increasingly redundant due to several
factors including high resistive losses [7], high cost of grids (both environmental
and economic) [8], long lead time for large-scale power plants [9], and increasing
availability of distributed energy resources [10].

In developed countries, the transition from centralized to decentralized model is
not needed because of fully developed distribution network operated by utility com-
panies that control the grid as well as generation [11]. Transition to RE generation
is expected to be slow and take the form illustrated by dashed lines in Fig. 1.3.
Electricity generation will be slowly augmented by renewable energy sources in two
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Fig. 1.3 Electricity RE Electricity
generation and - . -
transmission model to Electricity Generation E Generation
supply consumers; dotted !
lines represent contribution LA
of RE resources to the Transmission Grids
existing model
i-->| Distribution Network
i
i
Consumers | ! v
and RE Producers Consumers
. : RE Electricity
Electricity Generation Generation
by Fossil Fuels |

Distribution Network <—l

Energy Storage

Transmission Grids

Consumers
and RE Producers l

Consumers

Fig. 1.4 Decentralized, electricity generation system based on RE and fossil fuel-based distrib-
uted resources

configurations: feed-in tariff and net-metering. In the feed-in tariff case, electricity
generated by RE resources is purchased by the utility from independent producers.
In the net-metering case, consumers are allowed to buy and sell electricity to utility
company based on its terms and conditions. A logical extension of this model will
be small-scale distributed energy resources to generate electricity at the point of use
(Fig. 1.4). In this distributed energy system, several energy generation resources
(renewable, carbon based) are combined with storage systems (batteries, thermal
storage, fuel cells) to deliver electricity to small-scale residential and industrial
communities through micro grids extending to a few miles. Therefore, advances in
energy technologies, assisted by fossil fuel depletion and greenhouse emissions,
will eventually produce conditions for a paradigm shift ideally suited for economi-
cally disadvantaged countries. By following decentralized energy distribution
model, the cost of building macro grids is eliminated, and by generating energy at
point of use, urban sprawl is eliminated [12] with the added benefit of decentralized
economic development [13]. In this sense, the future of electricity generation and
distribution points to the past.
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1.3 Crystalline Silicon PV Technology

Human race is blessed with unlimited (~ 1000 W/m?) source of energy in the form
of sunlight [14]. A number of competing solar or photovoltaic technologies have
been developed by focusing either on efficiency or low manufacturing costs. In
order to differentiate between competing PV technologies, a comparative analysis
in terms of economics, resource availability, environmental impact, and social ben-
efits is carried out here. Each PV technology sector has been examined in terms of
its physics, startup capital cost, and recurring production costs. For each technol-
ogy, an analysis of available of materials and supplies has also been considered in
order to determine sustainability under high-volume manufacturing. Environmental
impacts are examined in terms of greenhouse emissions, toxicity, and recycling
ability.

Thin-film PV technologies including cadmium telluride (CdTe) [15] and amor-
phous silicon (a-Si) [16] appear attractive on account of their low production costs.
However, a deeper look reveals raw material availability and efficiency limitations;
toxic effects have also become a serious environmental concern. For instance, the
concentration of Te in the Earth’s crust is the same as Pt [17]. Similarly, due to its
toxicity, Cd is one the six elements banned by the European community making it
difficult to recycle CdTe panels [18].

In contrast, crystalline Si technologies have established a track record of perfor-
mance dating back to almost 50 years [20]. Crystalline Si-based PV technologies
benefit from R&D advances in semiconductor integrated circuit (IC) manufactur-
ing. Startup costs depend on the manufacturing approach [21] and are oftentimes
substantially lower than thin-film technologies [22]. Principal attributes of c-Si-
based PV technology include (a) higher (~ 14-25% range) efficiencies; (b) abun-
dance of resource availability of key ingredients such as Si and Al [23]; (c)
identification of pathways to enhanced efficiency through integration with Ge [24]
and compound semiconductors [25]; (d) division into independent technology sec-
tors such as crystal growth, wafering, solar cell, and panel manufacturing; and (e)
potential for transition into cottage/community industries. Global PV market, domi-
nated by Si, has been growing at ~30% over the last 30 years [26]. This growth has
largely been attributed to grid-connected installations in the USA, Europe, Japan,
and China; this growth has been sustained in large part by government subsidies.

Figure 1.5 plots concentrations of five key elements used in thin-film and crystal-
line PV manufacturing. Principal features of the plotted data in Fig. 1.5 are sum-
marized below.

(1) In comparison with Si, all other elements are negligible.
(ii) Te, the key component of CdTe thin-film solar cell, has a concentration approx-
imately 1E10 lower than Si.
(iii) Other elements fare better but are still far less (~ 1E6 lower) abundant than Si.
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Fig. 1.5 Concentrations of key elements used in thin-film and crystalline PV manufacturing

Thin-film PV technology based on a-Si suffers from light-induced degradation
that fundamentally limits its effectiveness; extensive research efforts over the last
30 years have so far failed to solve this problem [19]. In contrast, the building
blocks of ¢-Si PV technologies are Si (~ 26% of the Earth’s crust) and Al (~ 9% of
the Earth’s crust). Both exist in abundant quantities and are uniformly distributed
across the globe.

1.3.1 Crystalline Silicon Supply Chain

Figure 1.6 schematically illustrates the supply chain of the c-Si PV technology. The
first step in industrial production is extraction of impure metallurgical-grade Si
through chemical reactions between high-purity coal and silica (either in the form of
quartz or sand) [27]. At high (~ 2000 °C) temperatures, silica (SiO,) reacts with
carbon (C) to form SiC, and SiO reacts with C to form Si and CO; metallurgical-
grade Si in liquid form is subsequently extracted from the bottom of the furnace.
Approximately, 11-14 MWh of electricity energy is consumed in producing 1 ton of
metallurgical-grade silicon [28]. Metallurgical Si (~ 98% purity) is further purified
for semiconductor and photovoltaic applications. Most of these silicon purification
processes are based on chlorine. In this purification process, Si chemically reacts
with chlorine to form trichlorosilane from which highly pure poly-Si is synthesized
[29]. Other applications of metallurgical Si are in Al alloys [30] and plastics [31].
Purified Si (99.99999999) also known as Si feedstock is the starting raw material
for both integrated circuit (IC) and solar industries [32]. Figure 1.7 identifies mono-
crystalline Si process for wafer manufacturing. High-purity Si feedstock is placed
in a quartz crucible. The entire assembly is melted and slowly raised as it rotates to
form single-crystalline cylindrical ingots based on Czochralski (CZ) process [33].
Typical ingot diameters are in 4—12 inches with lengths over 6 feet [34]. These
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crystal Si, (¢) and pulling of ¢-Si ingot from the melted multi-silicon pot (d)

ingots are subsequently sliced into wafers for IC and solar cell manufacturing. In the
poly-Si wafer manufacturing process [35], large ingots or bricks of multicrystalline
(mc) orientations are solidified in a quartz crucible. These bricks are subsequently
sliced to form mc-Si wafers for processing into Si solar cells; this is the only
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application of poly-Si wafers. Solar cells based on either mono- or poly-Si wafers
are then packaged into solar panels.

1.3.2 Economic Benefits of Investment in Silicon

Silicon solar cell industry has exhibited phenomenal growth, and it will continue to
do as fossil depletion and greenhouse effects become increasingly dominant.
Figure 1.8 plots the average prices of purified Si in solar manufacturing process
[36]. Materials’ cost varies over four degrees of magnitude from ~ $ 0.1/kg for silica
to ~ $ 1000/kg for electronic-grade wafers. Therefore, processing of an inexpensive,
readily available material leads to extremely high and sustainable economic benefits.

Silicon cost required for generating energy of 1.5E12 W is calculated in Table 1.2
for solar cell efficiencies in 15-21% range; the cost of producing solar cell has not
been included. Energy generated per gram of Si has been calculated for a
200-pm-thick crystalline solar cell. Silicon in excess of 4.66 billion kg is needed.
Assuming US $ 50/kg, this comes out to be about US $ 233 billion for 15% efficient
solar cells. Approximately ten million tons of quartz will be processed to produce
this much Si [37]. Current purified Si production is ~5E9 kg/year, most of which is
used for integrated circuit manufacturing. Therefore, a doubling of current purified
Si would be enough to meet our energy requirements. Note that even 1% of the puri-
fied Si market will be worth about US $ 2 billion.
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Fig. 1.8 Cost of crystalline silicon cost plotted as a function of its purity
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Table 1.2 Si material requirement and revenue generation

Efficiency (%) Watt/gm Si required (kg) Si cost US $ (billions)
15 0.3218 4.66 x 10° 233 billion
18 0.3863 3.88 x 10° 194 billion
21 0.451 3.33 x 10° 166 billion

1.4 Introduction to Solar Cells

A solar cell converts sunlight into electricity. Physics of light-to-electricity conver-
sion is based on the photovoltaic (PV) effect, where photo refers to “light” and
voltaic refers to “electricity” [38]. The absorption of light inside the semiconductor
is a complex function of material properties of the semiconductor. The generation
of an electron-hole pair, by itself, does not produce current. A built-in potential bar-
rier inside the cell separates the electron and hole pairs in order to drive a current
through the external circuit. Of all the materials (purely conductive such as metals
and purely insulating such as glass), only the semiconductors have the capability to:

(i) Absorb light to generate current.
(i) Create an internal electric field.
(iii) Control electrical conductivity between metal and an insulator.

The photo-generated current is extracted from the metallic electrical contacts at
positive and negative electrodes of the solar cell. The reader is directed to references
[39-40] for a detailed theoretical analysis of solar cell; this chapter will focus on
software simulations of critical solar cell configurations.

An ideal solar cell should be able to convert all incident solar radiation into elec-
tricity without any losses; unfortunately, this solar cell does not exist in today’s
world, it may at some time in the future. Incident solar cell radiation intensity on the
Earth is plotted as a function of wavelength in Fig. 1.9a. Three pertinent cases are
identified below.

(i) AM O represents solar spectral distribution in space and is used for character-
ization of solar cells used as power source in space satellites.
(i) AM 1 refers to solar spectrum at sea level with sun at its zenith.
(iii)) AM 1.5 refers to solar zenith angle of 48.2° and represents intensity of 1000 W/
m? for all standardized testing including ASTM G-173 and IEC 60904 [Fig.
1.9b] [41].

Figure 1.10 plots spectral absorption spectra of semiconductors with photovol-
taic properties [42]. Most semiconductors exhibit light absorption within narrow
spectral ranges with the exception of Ge whose absorption range matches with solar
spectrum. Unfortunately, Ge exhibits low open-circuit voltage, and as such, its lim-
iting efficiency is pretty low (x7%) [43]. Figure 1.10 reveals that by combining
different semiconductor substrates or thin films to selectively absorb in narrow
spectral ranges, all the incident solar radiation can be converted into electricity. The
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Fig. 1.10 Absorption coefficient of semiconductors plotted as a function of wavelength

simplest and least expensive approach is to use multi-junction Si/Ge wafer/thin-film
solar cell [44]. However, Si/Ge interface suffers from severe thermal and lattice
mismatches [45-47] making it impractical, for now, to fabricate high-efficiency
solar cell. An alternate approach with outstanding success is based on multi-junction
compound semiconductor solar cells with selective absorption in spectral bands
(Fig. 1.11) with either Ge or In,Gas;As as the bottom cell [48—49]. This multi-
junction technology has been extensively developed and finds its application as
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energy source in space. The cost of manufacturing these cells is at least two orders
of magnitude higher than Si; it also requires poisonous and toxic chemicals; multi-
junction solar cells are not the subject of this book.

1.5 Review of Crystalline Si Solar Cells

Figure 1.12 describes three ubiquitous crystalline Si solar cell configurations; for
the sake of convenience, texturing has been omitted in the drawings [39]. In the
monofacial solar cell (Fig. 1.12a), front surface metallic grid forms one electrical
contact with the rear surface fully metallized serving as the second electrode; this is
the dominant industrial device configuration in the market. Figure 1.12b describes
the bifacial solar cell with symmetrical metal grids on front and rear surfaces; this
configuration enables extra light to enter the cell from the rear surface. The bifacial
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Fig. 1.11 Absorption in thin films tailored for specific spectral bands in solar spectrum; inset
illustrates the schematic for high-efficiency multi-junction solar cells
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Fig. 1.12 Crystalline silicon solar cell configurations used in PV applications: (a) monofacial, (b)
bifacial, and (¢) back-contact
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solar cell fabrication processing adds extra diffusion and passivation steps for the
rear surface. In the back-contact solar cell configuration (Fig. 1.12 -c), both negative
and positive electrodes are formed on the rear surface; shadow losses at the front
surface are eliminated. The back-contact solar cell manufacturing process is more
involved with multiple diffusion, passivation, and alignment steps. The back-contact
configuration exhibits highest efficiency in both laboratory and manufacturing
environments.

Crystalline Si solar cell does not absorb sunlight in the IR range (Fig. 1.13).
Because of its indirect bandgap and weak band edge absorption, almost 48% of
absorbed light is lost to thermal effects. Resistive losses contribute ~5% and semi-
conductors have material imperfections of another ~19%; hence, almost 72% of
efficiency losses in Si solar cells are due to material limitations. The limiting theo-
retical efficiency of a Si solar cell is about 29% [50]. Some analysts have predicted
higher limiting efficiency of ~33% [51]. Current highest efficiency record is also
held by a back-contact solar cell at efficiency of 26.7% [52]; highest efficiency
back-contact industrial solar cells exhibit efficiency in ~22-25% range [53].

1.5.1 Efficiency Review

Figure 1.14 plots chronological evolution in crystalline silicon solar cell efficiency
starting from 1954. The red triangles in the graph represent experimental data
points, while the black line represents a linear regression fit to the data, which

1600 - AM 1.5

1400 -

— Thermal Losses

1000 4

800 - Energy Conversion

Si
600 Energy Above

400 Sl Bandgap

Irradiance (W/m? um)

200

500 1000 1500 2500 2500
Wavelength (nm)

Fig. 1.13 Optical absorption in crystalline silicon solar cells plotted as a function of wavelength
with respect to AM 1.5 G spectrum; inset illustrates cross-sectional configuration of solar cell in
p-type c-Si
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predicts efficiency maximum of ~26.95% by the year 2024 in good agreement with
26.7% efficiency reported recently for solar cells fabricated on n-type substrates
[52]. Efficiency evolution exhibits two distinct phases: the first phase originating
from the early 1950s culminated in efficiency of ~14% and the second phase start-
ing in the early 1980s where efficiencies rose rapidly to ~20% followed by a slow
rise to 25.6% in 2014. The rapid rise in the early phase may be attributed in semi-
conductor process improvements including surface passivation, contact resistance,
and so on. Once these were optimized, efficiency rise was likely limited by the
minority carrier lifetimes. Starting in the early 1980s, the rapid rise in efficiency is
attributed to incremental processing improvements combined with substantial
improvement in minority carrier lifetimes. Another important factor relates to
advent of low temperature processing combined with heterojunctions. This review
of efficiency evolution suggests that c-Si solar cell efficiency is approaching theo-
retically predicted upper limits in efficiency; significant improvements in the future
may be either through bandgap engineering or through as yet unforeseen techno-
logical breakthrough.

1.5.2 Manufacturing Cost

Figure 1.15 plots historical trend in manufacturing cost in industrial production of
crystalline Si solar cells. The black line represents regression fit to the reported data
represented by red triangles. Overall, there is a good agreement between the two
except for significant divergence in the prices from 2010 onwards. The predicted
production cost after 40 years is US $ 1.55/watt in contrast with prevalent
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Fig. 1.14 Evolution of c-Si solar cell efficiency plotted versus number years since 1954
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production costs of <0.20 $/W [54-55]. This may not be logically explainable since
no other factors relating to Si solar cell value chain have exhibited dramatic price
reductions. The likely reason is price manipulation by the largest producers of solar
cells aimed at market domination.

1.5.3 Wafer Thickness

Silicon wafer thickness represents 50% cost of a solar panel [56]. Therefore, cost
reduction through reduced Si usage has been a highly effective and successful
approach. Figure 1.16 plots the history of silicon wafer thickness in solar cell manu-
facturing. It is noted that starting wafer thickness has been reduced by about 220 pm
from its initial value of 400 pm. The target of reducing thickness to 150 pm or lower
is difficult to achieve with existing manufacturing practices on account of increas-
ing fragility and thermal mismatch with screen-printed Al paste on the rear surface.

This brief analysis reveals that the existing PV technology has reached maturity
in terms of performance and cost; only incremental improvements are expected in
the foreseeable future. It is hoped that environmental-friendly, inexpensive manu-
facturing technologies will assume a dominant role in industrial manufacturing;
some of these will be discussed later in this book.
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Fig. 1.15 Reduction in solar cell production cost plotted versus number of years
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Fig. 1.16 Reduction in Si wafer thickness plotted versus number of years

1.6 Crystalline Si Solar Cell Simulations

The simplest industrial Si solar configuration is based on pyramidal texturing, gas
source diffusion (POCI; source), PECVD SiN anti-reflection films, and screen-
printed Ag and Al back surface metal contacts with efficiencies in ~15-18% range
[57]. Device configurations aimed at enhancing performance while maintaining this
basic configuration include electroplating to reduce resistance [58], point contacts
[59], buried contacts [60], and boron back surface fields [61]. Figure 1.17 identifies
three critical solar cell steps: (a) damage removal and texturing of sliced wafers, (b)
passivated-emitter formation and AR films, and (c) electrical contacts; relevant
characterization steps have also been identified. Software simulations in this chapter
and experimental work in the rest of the book will follow processing sequences
outlined in Fig. 1.17.

Physics of Si solar cells is better understood with the assistance of software tools
such as PC1D [62-63], AFORS [64], and SILVACO™ [65]. SILVACO™ software
was originally developed for IC applications and later added additional modules for
solar cell simulations. It is expensive and quite sophisticated; however, for solar cell
simulations, PC1D and AFORS are inexpensive, user-friendly, and have been
applied extensively in this book. Solar cell simulations were carried for monofacial
solar cell (Fig. 1.12a) with optimized process parameters identified by the PC1D
software screen in Fig. 1.18. Figure 1.18 (lower right hand) also plots light current-
voltage (LIV) response of solar cells, fabricated on p-type Si wafer, as a function of
minority carrier lifetime. The lifetime values were chosen for solar cells exhibiting
efficiencies in ~15-20% range. Solar cell LIV response as a function of lifetime
reveals sensitive dependence on open-circuit voltage; Jsc variation with lifetime is
significantly less sensitive. This screen identifies wafer (bulk lifetime) and process
(surface recombination, sheet resistance, and contact resistances) parameters needed
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Fig. 1.18 PC1D simulation software screen and process parameters required for 18% efficient
solar cell; lower right-hand corner plots LIV curve for lifetime variation in 10—1000 psec range
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for solar cells in ~16-20% efficiency. The light trapping in this software is based on
geometrical optics; Chap. 3 will describe benefits of diffractive scattering by surface
textures comparable in dimensions to optical wavelengths. PC1D simulations iden-
tify lifetime as the most important parameter in determining solar cell efficiency;
lifetime is set by the wafer used for solar cell fabrication. The rest of the parameters
including surface reflection, surface recombination velocity, and series and shunt
resistances are process dependent.

Figure 1.19 plots solar cell efficiency as a function of minority carrier lifetime
for solar cells fabricated in both p- and n-type Si wafers; identical wafer and process
parameters were used. For 200-pm-thickness wafers used in industrial manufactur-
ing, lifetime for p-type wafers must be in 10-20 p sec range in order to have effi-
ciency above 16%. For n-type wafers, lifetime has to be at least an order of magnitude
higher in order to achieve comparable efficiency. This behavior is attributed to the
emitter on the front (p-Si) and rear (n-Si) surfaces. Therefore, n-type wafers are
similar to back-contact solar cells except that one of the contacts is on the front
surface. Essentially, without good lifetime (~ 10-100 psec), solar cell efficiency
can’t be enhanced irrespective of the quality of semiconductor processing.

Semiconductor process imperfections can and will result in performance degra-
dation. An example of this process imperfection is illustrated in Fig. 1.20 which
plots solar cell LIV and efficiency variations as a function of surface reflection.
Figure 1.20a reveals that as reflection increases from 0% to 40% (Si wafer without
AR film), Jsc decreases linearly from 40 to 24 mA/cm? (Fig. 1.20b), while Vi
decreases from ~0.67 to 0.64 V. Reduction in reflection by 1% results in an increase
in Jsc by 0.4 mA/cm?. However, reflection reduction by itself is not sufficient with-
out optimal internal scattering, which will be discussed in detail in Chap. 3.
Figure 1.21 illustrates another example of process imperfection attributed to poor
surface passivation. Surface passivation is a function of surface recombination
velocity (SRV), which, in turn, depends on several factors including doping density
and surface states. Efficiency (Fig. 1.21a) and short-circuit current density (Jsc)
(Fig. 1.21b) variations, for p- and n-type wafer solar cells, have been plotted as a
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Fig. 1.19 Solar cell efficiency plotted, on linear (a) and logarithmic scales (b), as a function of
lifetime for both n- and p-type wafers
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Fig. 1.21 Solar cell efficiency (a) and short-circuit current (b) density (Jsc) plotted as a function
of front surface recombination velocity for both n- and p-type wafers

function of SRV. It is observed that for n*/p/p* solar cell, impact is not as severe, i.e.,
almost three orders of magnitude increase in SRV reduces efficiency from 21% to
15%. In contrast, for n*/n/p solar cell, efficiency is reduced from ~20% to 5%; simi-
lar drastic variations are also observed in respective Jsc values. It is, therefore, criti-
cal in emitter formation and AF film deposition to maintain the highest level of
surface passivation.

Imperfections in solar cell metallization process also lead to performance degra-
dation. Figure 1.22 illustrates two cases corresponding to high series and low shunt
resistances. If metallization temperature is low or etching of dielectric film is not
efficient (Fig. 1.22a), ohmic contact resistance will be high. Similarly, if process
temperature is too high, or if emitter depth is too shallow (Fig. 1.22b), the metal will
spike through the emitter region and make contact with the underlying substrate to
substantially lower shunt resistance. Figure 1.23 describes solar cell LIV and effi-
ciency variations as a function of series resistance. It is noted that efficiency varia-
tion with series resistance follows logarithmic variation (Fig. 1.23a). The efficiency
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Fig. 1.22 Imperfections during solar cell processing: (a) high series resistance due to thin dielec-
tric barrier between Ag paste and Si surface and (b) shunting of Ag paste through the junction
region contrast with series resistance (Fig. 1.24b). The variation in efficiency with shunt resistance
is also logarithmic albeit with contrasting behavior. Rapid efficiency enhancement is observed as
shunt resistance increases. At higher shunt resistances, efficiency enhancement is relatively slow

reduction is rapid with increase in series resistance. Therefore, in order to fabricate
good solar cell, series resistance has to be as low as possible. Influence of shunt
resistance on solar cell LIV and efficiency has been plotted in Fig. 1.24. As shunt
resistance decreases, both V¢ and Jgc are reduced.

PC1D simulations have been used to investigate solar cell performance varia-
tions as a function of material and process parameters. The most important material
parameter in solar cell is lifetime of the wafer. In industrial production for solar cells
in ~14-16% efficiency range, typical lifetimes are in 10-20 psec range for bulk
resistivities in ~0.5-3 Q-cm range. Other contributing factors influencing solar cell
performance are based on the quality of semiconductor processing. For example,
inadequate surface texturing and AR film will increase reflection losses and reduce
efficiency. Impurities and nonuniformities in diffusion process will increase surface
defects resulting in enhanced recombination velocities and lowered shunt resis-
tances. Lack of optimized metallization processes will seriously degrade solar cell
performance.

Chapter 2 will discuss material processes relating to texturing, diffusions, and
AR films. Chapter 3 will entirely focus on screen-printed metallization of Ag and Al
paste contacts to Si. Chapter 4 will illustrate optical interactions in solar cells
through reflection, absorption, and surface passivation. Chapter 5 will describe dark
IV measurements of solar cells to correlate with PC1D analysis described above.
Finally, Chap. 6 will provide LIV measurements of solar cells fabricated on both n
and p substrates with varied textures and passivation schemes.

The final section in this chapter discusses future pathways to solar cell manufac-
turing, which may not be consistent with the overall theme of this book, which are
nevertheless far too important to ignore.
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Fig. 1.23 Solar cell LIV (a) and efficiency (b) variations plotted versus series resistance
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Fig. 1.24 Solar cell LIV (a) and efficiency (b) variations plotted versus shunt resistance

1.7 Low Temperature Processing

Cost reduction in Si solar cell production has largely focused on material savings by
slicing increasingly thinner wafers. This approach is now facing fundamental limi-
tations both in terms of kerf losses during wafer slicing and inability to process
thinner (<150 pm) wafers with existing industrial tools and manufacturing pro-
cesses. Thermal expansion mismatch between standard screen-printed Al-alloyed
back surface field (BSF) and thin Si wafers creates wafer bowing (Fig. 1.25) and
breakage and contributes to reduced yield [66]. Therefore, extensive research has
focused on low temperature manufacturing processes.

Figure 1.26 schematically describes solar cell fabrication processes in terms of
temperature. Industrial solar cell processing (right part in Fig. 1.26) is based on
conventional (~ 750-1100 °C) diffusion, deposition, and thermal annealing pro-
cesses. In such solar cells, the highest temperature is for boron diffusion (~ 1100 °C),
while phosphorus is usually diffused at ~850-875 °C. Anti-reflection and passivat-
ing SiN films are generally deposited at ~200-300 °C temperature. Co-firing of Ag
and Al screen-printed paste contacts in rapid thermal annealing is carried out at peak
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temperatures in ~750-800 °C range. These high temperature processes are used to
manufacture monofacial, bifacial, and back-contact solar cells.

In recent years, low (< 200 °C) temperature manufacturing processes have been
developed. The most successful and elegant of these methods is hetero intrinsic thin
(HIT) process developed by Sanyo Corporation [67-70]; this approach is also the
current record holder for highest efficiency solar cells. The HIT solar cell (Fig. 1.27)
is based on the following processes:

(i) Heterojunction (amorphous silicon (a-Si) films on c-Si.

(i1) Plasma deposition of intrinsic and doped a-Si films.
(iii) Physical vapor deposition of conductive indium tin oxide (ITO) films.
(iv) Usage of toxic gases as Si and doping sources (SiH,, PH;, BH;).

(v) Polymer-based pastes.

(vi) Electroplating.

Fig. 1.25 Wafer bowing
due to thermal expansion
between Al paste and Si
wafer following high
temperature annealing
process

Fig. 1.26 Crystal silicon
solar cell manufacturing
processes illustrated in
terms of process
temperatures

Solar Cell Fabrication ——

Low Temperature
<200 °C

High Temperature

Monofacial

Sanyo-HIT
Monofacial, Bifacial,
and Back Contact

Laser
Processing

Mix & Match
Processing

Bifacial

Back-Contact
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Fig. 1.27 Cross-sectional schematic of solar cell fabricated using HIT process

The materials, equipment, and processes used for HIT solar cell results lead to
high manufacturing cost. The other disadvantage lies in environmentally harmful
processing.

1.7.1 Low Temperature ITO/c-Si Contacts

PCI1D simulations described earlier reveal that shallow emitters are required for
higher conversion efficiency. This is illustrated in Fig. 1.28 which plots junction
depth as a function of sheet resistance. The relationship between junction depth and
sheet resistance in Fig. 1.28 has been plotted for p-type wafers. A similar relation-
ship exists for junctions on n-type wafers as well. On the other hand, high tempera-
ture screen printing annealing process often creates spikes through the junction
region resulting in shunt reduction and eventually shorting the solar cell. Figures 1.29
and 1.30 plot efficiency variation as a function of sheet resistance of front surface
emitters and back surface fields for both n- and p-type wafers, respectively; respec-
tive solar cell device configurations have also been included from PC1D software
screens. The PC1D solar cell simulations reveal:

(i) Relatively insignificant variation with BSF.
(ii) Strong variation with surface emitter.
(iii) Highest efficiencies for sheet resistances ~100 ohm/square.

The solar cell efficiency increases rapidly as sheet resistance increases from
lower (< 10 ohm/square) values and saturates to a broad maximum at ~100 ohm/
square. Therefore, higher efficiency requires high sheet resistances which lead to
shallow junctions. High temperature rapid thermal annealing processing will create
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Fig. 1.28 Emitter sheet resistance variation plotted as a function of its depth
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Fig. 1.29 Efficiency variations with emitter and back surface field (a) and p-type wafer solar cell
configuration employed for simulations (b)

increased shunting; therefore, high temperature metallization process is replaced by

lower temperature; Ni/Cu electroplating is one such approach (Fig. 1.29).
Conductive indium tin oxide (ITO) films on account of their high optical trans-

mission and low resistivity find extensive applications in a wide range of material
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Fig. 1.30 Efficiency variations with emitter and back surface field (a) and n-type wafer solar cell
configuration employed for simulations (b)

systems including liquid crystal displays, transparent electrodes, optoelectronics
devices, thin-film solar cells, and HIT solar cells [71]. In crystalline silicon solar
cells, extensive research has focused on ITO/a-Si/H film ohmic contacts in HIT
solar cells. However, ITO contacts to c-Si have not been as extensively investigated
[72]. Researchers have reported on a detailed investigation of ITO films on both n-
and p-type crystalline Si surfaces [73]. Their work demonstrated formation of ohmic
contacts on p-doped Si and rectifying contacts on n-doped Si. Similar results have
been reported on both n and p surfaces by Cesare et al. in 2012 [74]. In both of these
reports, annealing had been carried out at low (~ 260 °C) temperatures. Recently,
Kim et al. have reported on ohmic contacts to n-doped surfaces in silicon solar cells.
In this work, ITO films were also annealed at high (~ 1000 °C) temperatures that led
to formation of resistive ohmic contacts on n-type surface [75].

From the perspective of conventional crystalline silicon solar cell manufacturing,
the ITO film, due to its high refractive index, can be considered as an alternative to
the toxic gas base SiN AR film. In case of shallow junctions, where Ag tends to
spike through the emitter layer (Fig. 1.22b), the role of ITO will be to serve as a
barrier layer against Ag spiking. Solar cell LIV measurements on ITO/c-Si solar
cells will be reported in Chap. 6.
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Table 1.3 Pulsed laser applications in solar cell manufacturing

Process Pulsed laser

No. | description application Comments

1 | Saw damage None Not specifically reported, although laser-etching
removal processes can be adapted for this application

2 | Surface texture \/ Texturing in the presence of Si etching gases,

demonstrated controllability over profiles and reduced
reflection [76]

Established process with commercial tools using in
situ and deposited films as dopant materials; excellent
process uniformity and controllability [77-78]

3 Diffusion

4 | Edge isolation Established process with commercial tools [79]

5 | Dicing, thru holes Established commercial tools for wafer dicing and
etching thru holes for advanced solar cell designs

such as EWT and MWT [80]

Established commercial tools for selective etching of
passivation films in high-efficiency localized back
surface Al contacts [81]

< <= <

6 Localized contacts

7 | Deposition of R&D stage Issues with uniformity and throughput [82]
passivation and
AR films

8 | Metal contacts \/ Demonstration of localized Al BSF with Al

evaporated and foils [83-84]

1.7.2 Laser Processing

Pulsed laser has many attractive features including nontoxic processing, lower tem-
perature, and compatibility with existing manufacturing methods. Pulsed lasers are
also desirable due to their spatial and temporal advantages in material processing.
Their unique features include low thermal budget, process flexibility in terms of
wavelength and pulse duration, low cost, and small footprint. They have been exten-
sively investigated since their inception in a wide range of semiconductor processes
such as implant anneal, doping, etching, dicing, and marking. Pulsed laser applica-
tions in solar cell manufacturing processes have been summarized in Table 1.3. This
brief review indicates the wide range of processing options, and as laser prices con-
tinue to decrease, their applications in solar cell manufacturing will become more
ubiquitous.
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Chapter 2
Solar Cell Processing

Solar cell fabrication is based on a sequence of processing steps carried on
~200-pum-thick lightly (0.5-3 ohm-cm) doped n or p-type Si wafer (Fig. 2.1). Both
surfaces of the wafer sustain damage during ingot slicing awing process [1]. Wafer
surface damage removal is based on both alkaline and acidic etching and texturing
processes. Alkaline solutions are used to first etch surface damage and then ran-
domly texture monocrystalline wafer surfaces. Acidic solutions are used to simulta-
neously remove surface damage and randomly texture multicrystalline wafer
surfaces. Texturing process is followed by diffusion, passivation, and deposition of
anti-reflection (AR) films. The final process is screen-printed metallization to form
positive and negative ohmic contacts to the respective Si surfaces; Chap. 4 focuses
on details of screen-printed Al and Ag contacts to Si wafer.

2.1 Saw Damage Removal

Silicon wafer sliced from an ingot incurs substantial damage and contamination.
Morphology of the as-cut wafer, displayed in the scanning electron microscope
(SEM) images in Fig. 2.2, reveals rough surfaces contaminated with residual mate-
rials from the wafering process, which render them unsuitable for solar cell process-
ing. In SEM imaging, electrons focused on the surface generate x-rays characteristic
of its elements. Energy-dispersive X-ray spectroscopy (EDX or EDS) is used to
identify these elements [2]. Figure 2.3 displays results of EDX analysis of as-cut
wafer surface. Large rectangular area (Fig. 2.3a) was scanned in order to estimate
major elements on the surface. The EDX scan (Fig. 2.3b) reveals dominant Si peak
along with minor concentrations of C, O, N, F, and Fe (Fig. 2.3c); Fe degrades solar
cell performance by reducing minority carrier lifetime [3].

Wet-chemical etching processes are used to etch approximately 10-pm-thick
damaged Si layers from both front and rear surfaces in 10% NaOH alkaline solution
at ~70 °C temperature for 10 min [4]. The surface of the wafer with complete
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Fig. 2.2 SEM pictures of as-cut silicon ~170-pm-thick wafer without removal of saw damage:
cross-sectional view of wafer thickness (a) and high-resolution image of damaged surface (b)

damage removal is shiny and hydrophobic. Figure 2.4 displays SEM images of the
surface after damage removal process. Elemental composition of this surface is
determined with EDX method (Fig. 2.5). Comparison of elemental concentrations
before and after damage removal reveals complete elimination of Fe and slight
reduction in F. Concentration variation of C is attributed to carbon tape used to
attach the sample to the holder. Increase in O concentration is likely due to native
oxide; N concentration is also system related.
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El AN Series wunn. C norm. C Atom. C Error (1 Sigma

[wt.%] [wt.%] [at.%] [wt.%]

C 6 K-series 3.89 3.39 7.40 1.91
N 7 K-series 1.50 1.30 2.44 0.93
0 8 K-series 2.08 1.81 2.96 0.79

= F 9 K-series 0.35 0.31 0.43 0.25
Si 14 K-series 106.18  92.37 86.38 4.42
Fe 26 K-series 0.95 0.82 0.39 0.29

(C) Total: 114.95 100.00 100.00

Fig. 2.4 SEM pictures of the as-cut Si wafer following saw damage removal: cross-sectional view
(a) and top view (b)
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&
+
E
TN
e
[ Tt T e —
I ] 3 4 - & T L]
ey
El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
C 6 K-series 5.36 4.36 9.38 2.40
N 7 K-series 1.96 1.59 2.94 1.13
O 8 K-series 1.83 1.49 2.41 0.76
"F 9 K-series 0.20 0.16 0.22 0.19
\ Si 14 K-series 113.59 92.40 5.05 4.73

e (C) Total: 122.94 100.00 100.00

Fig. 2.5 Top view of the SEM image of Si after damage removal (a) and its EDX surface analysis
(b and ¢)
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2.2 Alkaline Texturing

Planar Si surface is highly reflective. Surface texturing techniques are used to reduce
reflection and enhance absorption. In (100) Si crystalline orientation, alkaline
chemistry is highly effective in creating a uniform texture. Wet-chemical etching
based on isopropyl alcohol (IPA), potassium hydroxide (KOH) chemistry has been
optimized for creating randomly textured surfaces [5—6]. Figure 2.6 displays typical
profiles formed in IPA/KOH/deionized H,O solution based on volume ratios of
5:1:125 at temperatures in 70-80 °C range and etching time of ~10 min. These Si
surfaces appear dark gray at normal incidence and shiny at large oblique angles due
to high reflection of <111> crystalline facets. Figures 2.7 and 2.8 display EDX
analysis of IPA/KOH textured and bulk wafer regions. In comparison with the dam-
age removed surface in Fig. 2.5, elements N and F have been eliminated. Comparison
of normalized O concentrations on damage removed planar (Fig. 2.5¢) and textured
(Fig. 2.7¢) reveals increase in concentration by ~11% presumably due to higher
<111> surface area. Comparison of O concentrations on textured surface (Fig. 2.7¢)
and bulk region (Fig. 2.8c) reveals a reduction factor of 10 in bulk surface since O
concentration within the bulk of the wafer is minimal; small O concentration is due
to native oxide.

2.3 Acidic Texturing

Anisotropic alkaline texturing method is not applicable to multicrystalline silicon
(mc-Si) wafers. Isotropic (independent of crystal orientation) acidic texturing meth-
ods have been developed for multicrystalline Si wafers. Isotropic wet-chemical
etching of Si has many industrial applications, some of which are listed below [7]:

Fig. 2.6 SEM images of randomly textured surfaces in (100) orientation using IPA/KOH chemis-
try: lower magnification (a) and higher magnification (b)
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(b)

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
C 6 K-series 3.33 2.97 6.60 1.61
0 8 K-series 1.85 1.65 2.76 0.68
Si 14 K-series 107.01  95.38  90.65 4.44

(c) Total: 112.19 100.00 100.00

Fig. 2.7 Top view of the SEM image of Si after OPA/KOH texturing (a) and its EDX surface
analysis (b and ¢)
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El AN Series unn. C norm. C Atom. C Error (1 Sigma
[wt.%] [wt.%] [at.%] [wt.%]
C 6 K-series 2.17 1.76 4.02 1.32
O 8 K-series 0.21 0.17 0.29 0.21
Si 14 K-series 120.63 98.07 95.69 5.00

Total: 123.00 100.00 100.00
(c)

Fig. 2.8 Top view of the SEM image of Si wafer region below the surface (a) and its EDX surface
analysis (b and ¢)

(i) Wafer thinning, patterning, and polishing.
(i) Delineation of surface defects.
(iii)) Saw damage removal.
(iv) Removal of plasma-induced surface damage in solar cells.
(v) Random surface texturing in multicrystalline Si solar cells.

Wet-chemical etching/texturing process comprises of three steps: (a) transport of
reactants to the surface, (b) chemical reaction with surfaces, and (c) removal of
reaction products to expose fresh surface. The etch process is either diffusion-
limited if the reaction rate is dependent on steps (a) or (c), or rate-limited if it
depends on step (b). In diffusion-limited reactions, stirring is employed to enhance
reaction rates. The rate-limited processes are a function of many parameters includ-
ing temperature and etchant composition. Optimum etching system requires good
temperature control as well as a stirring mechanism. Isotropic etching of mec-Si,
described here, is based on HNA chemistry consisting of HF (hydrofluoric)/HNO;
(nitric)/CH;COOH (acetic) acids [8].
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Most isotropic etching applications of Si are based on mixtures of nitric and
HEFE. Although water has been used as a diluent, use of acetic acid is preferred
because of its superior protection of the dissociation of nitric acid by preserving its
oxidizing power [9]. Acidic etching process involves hole injection into Si valence
band by oxidation with HNO; [10-12]. Holes attack covalently bonded Si to oxidize
it. The oxidized Si subsequently reacts with OH™ and is dissolved by HF. The fol-
lowing chemical reaction takes place:

HNO, +H,0+HNO, — 2HNO, +20H™ +2H" 2.1

The holes in Eq. 2.1 are generated in an autocatalytic process, i.e., HNO, gener-
ated in the above reaction reenters the solution to form more holes. In this type of
reaction, there is an induction period before the oxidation reaction becomes effec-
tive. The OH™ groups attach themselves to Si to form SiO, liberating hydrogen in
the process governed by the following reaction:

Si** +40H™ — SiO, +H, (2.2)

HF dissolves SiO, by forming water-soluble H,SiFs. The overall chemical reac-
tion is then given by

Si+HNO, + HF — H,SiF, + HNO, +H,0+H, (2.3)

H, gas is released as part of the reaction.

2.3.1 Etch Rate Dependence on Concentration
and Temperature

The rate of Si etching in HF/HNO; system was investigated as a function of HF
concentration by Klein and Stefan [13]. In the region of HF concentration from ~2%
to 65%, the etch rate increases from ~1 pm/min to ~250 pm/min. The etch rate
reaches a maximum at ~70% concentration and decreases as the concentration of
HF increases until it becomes zero in 100% HF. By adding acetic acid, the reaction
rate is reduced by a factor of 2. Etch rate increases from 40 to 80 pm/min as tem-
perature is raised from 30 to 50 °C. Etch rate control through a combination of
increased acetic acid dilution and temperature may be an option.

Starting in the early 1960s through the late 1970s, isotropic etching of Si in HNA
system was characterized in detail by Schwartz and Robin [9—12]. Dissolution rates
of Si were investigated for several solution concentrations with commercial-grade
49% HF and 69% HNO; solutions using both water and acetic acid as diluents. A
typical formulation was 250 m1:500 ml1:800 ml (HF/nitric/acetic). At room tempera-
ture, Si dissolution rates in ~4-20-pm/min range were observed with the highest
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rate at 2:1 HF/HNO; concentration; addition of diluents slowed down the etch rates.
A brief summary of this work is summarized below.

(i) At high HF, low HNO; concentrations, HNO; controls the etch rate, an induc-
tion period is required, temperature-dependence is pronounced, and oxidation
rate is slow.

(i) At low HF, high HNO; concentrations, isotropic etching results in polished
surfaces controlled by the ability of HF to remove oxide as it is formed.

(i) At maximum etch rates, the addition of acetic acid in comparison with water
does not reduce oxidation power of nitric acid, and etch contours remain paral-
lel with lines of constant nitric acid over a wide range of diluent
concentration.

(iv) In the region around HF vertex, surface reaction rate-controlled etch process
leads to rough pitted surfaces, sharp peaks, and corners. In HNO; vertex,
diffusion-controlled process leads to rounded corners and edges.

The topology of the Si surface depends strongly on the composition of etch solu-
tion. At maximum etch rates, the surfaces are flat. Random surface texturing is
favored at slow etch rates.

2.3.2 Texturing Process in HNA System

Random surface texturing of mc-Si with HNA system requires a precise balance
between Si dissolution rate and texture ability. A variety of additives to the HNA,
mainly oxidants, are added in order to influence etch rate, surface finish, or isotropy.
The impact of these additives is more critical in the reaction-controlled regime since
only the additives varying solution viscosity can influence etch rate in the diffusion-
limited regime. Nishimoto et al. demonstrated formation of randomly textured sur-
faces by adding H;PO, to the HF/nitric (12:1 ratio) solution [14]. However, random
texturing was observed only after removing ~40 pm of Si. The randomly etched/
textured profiles were ~ 5-pm deep without significant reduction in surface reflec-
tion. Park et al. reported on texturing in HF/nitric system by using H,SO, and
NaNO, as catalysts; minimal surface reduction was observed [15]. For random tex-
turing in solar cells, an acidic texture should satisfy the following requirements:

(i) Etch time ~ 1-5 min.

(i1) Si dissolution of ~10 pm from each wafer side.
(iii)) Room temperature texturing.
(iv) No porous layers.

Two texturing process variations based on HF/HNO;/H;PO, solution were exam-
ined. Use of two diluents (H,O, and acetic acid) was evaluated as part of an effort to
control Si dissolution rate while maintaining the ability to texture surface.
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Influence of H,0, on Texturing

A reasonably good texture process was developed with HF/H;PO,/HNO;/H,0,
solution in 2:1:1:0.2 volume ratios; no porous layers were observed. Figures 2.9 and
2.10 illustrate SEM images of mc-Si surface after room temperature etching for ~10
and 20 s, respectively. In both cases, similar surface profiles were observed without
any porous layer formation. Figure 2.11a plots the influence of H,O, concentration
on etch rate. High etch rates of ~200 pm/min are observed without H,O,; addition
of H,O, reduces etch rates to ~80 pm/min. At higher H,O, concentrations, the etch-
ing of Si was quenched. Figure 2.11b plots the etch rate as a function of time at fixed
H,O, concentration. It is noted that etch rate increases rapidly during first few sec-
onds to very high values and then slowly decreases to approximately 1/2 of the
highest Si etch rate. This H,O,-based diluent approach to texture was abandoned
due to unacceptably high Si dissolution etching rate.

Influence of Acetic Acid on Texturing

The etching solution HF/H;PO,/HNO,;/CH;COOH at 0.5:1:0.25:0.75 volume ratios
was determined to be adequate. SEM images of randomly textured mc-Si surfaces
after etching for 5-10 min are shown in Figs. 2.12 and 2.13. The textured dimen-
sions are similar to those observed in Figs. 2.9 and 2.10 although at longer (~
10 min) durations, surface texture is mostly washed out. Figure 2.14a plots the Si
etch rate variation as a function of H;PO, concentration. It is observed that etch rate
dependence on H;PO, concentration is minimal. Figure 2.14b plots the etch varia-
tion with acetic acid concentration exhibiting approximately linear reduction in etch
rate as a function of acetic acid concentration. Finally, Fig. 2.15 plots the etch rate

Fig. 2.9 SEM images of HNA-/H,0,-based textured mc-Si surfaces following 10-s etching: (a)
low-resolution image and (b) high-resolution image; linewidths and depths are ~5-10 pm
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Fig. 2.10 SEM images of HNA-/H,0,-based mc-Si textured surfaces following 20-s etch: low-
resolution image (a) and high-resolution image (b); texture linewidths and depths are ~5—10 pm
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Fig. 2.11 Silicon dissolution rate variations with H,O, concentration (a) and etch rate variation as
a function of time (b) at fixed H,O, concentration

as a function of time in HNA-H;PO, solution. It is noted that in comparison with
Fig. 2.14a, the etch rate reduction as a function of time is minimal. Based on these
studies, HF/H;PO,/HNOs/H,0, solution (fast etch) with 2:1:1:0.2 volume ratios was
identified for short (~ 10-20 s) and HF/H;PO,/HNO,/CH;COOH solution (slow
etch) with 0.5:1:0.25:0.75 volume ratios for longer (5—10 min) etch times.



38 2 Solar Cell Processing

Fig. 2.12 SEM images of HNA-/H;PO,-based textured surface after 300-s etching: (a) low-
resolution image and (b) high-resolution image; texture linewidths and depths of are ~5 pm

Fig. 2.13 SEM images of HNA-based textured surface after 600-s etching: (a) low-resolution
image and (b) high-resolution image; texture linewidths and depths are ~3-5 pm

Laser Damage Removal

Pulsed lasers are often used for semiconductor processing applications. Post-laser
surface and volume damage can be removed with HNA/H;PO, texture process.
Figure 2.16 displays SEM images of laser-drilled thru holes after 20-s etching in
fast etch solution. Pristine, randomly textured surfaces are formed with diameter of
~30 pm. Figures 2.17 and 2.18 display SEM images of circular laser-etched patterns
following etching in slow etch solution for 5—10 min. Relatively smooth profiles are
observed with diameters of ~20 pm and 50 pm, respectively. Some of the laser-
induced damage has not been removed as seen in Fig. 2.18c.
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Fig. 2.15 Etch rate variation of Si as a function of time

Acidic random texturing process based on HNA/H;PO, chemistry has been
developed to simultaneously remove surface damage and randomly texture mc-Si
wafers. Acidic texture process does not produce pyramidal texture characteristic of
the alkaline chemistry on (100) orientation Si surfaces.

Etching Along Grain Boundaries

HNA etch process appears to form undesirable thru holes along the entire wafer
thickness. Figures 2.19 and 2.20 display SEM images of these nm-scale cracks
observed in both fast and slow texturing solutions discussed above. These are related
either to saw marks or excessive etching along grain boundaries. Therefore, with the
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Fig. 2.16 Cross-sectional SEM profiles of laser-drilled holes after 20-s etching in fast etch solu-
tion: (a) low-resolution and (b) high-resolution images

Fig. 2.17 Cross-sectional SEM profiles of laser-drilled holes after 300-s etching in slow etch solu-
tion: (a) low-resolution and (b) high-resolution images

acidic etching chemistries described in this section, it may be unavoidable to create
thru holes which may cause short-circuit during diffusion processes.

2.4 Plasma Reactive Ion Texturing

The performance of commercial mc-Si solar cells still lags behind c-Si due in part
to the inability to texture it effectively. Random reactive ion etching texturing tech-
niques have been extensively investigated [16-19]. Random RIE texturing
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Fig. 2.18 Cross-sectional SEM profiles of laser-drilled holes after 300-s etching in slow etch solu-
tion: (a) top and bottom view, (b) top close-up view, and (c) bottom close-up view

Fig. 2.19 Cross-sectional SEM profiles of thru-wafer cracks following 20-s etching in slow etch
solution: (a) low-resolution and (b) high-resolution images

techniques benefit from extensive infrastructure developed for Si microelectronics
and as such can lead to significant savings in costly tool development efforts for the
PV manufacturers. As worldwide PV demands increase, the use of thinner mc-Si
substrates is expected to rise substantially. In this context, RIE texturing techniques
are critically important not only for their proven ability to reduce broadband spec-
tral reflection (~ 1% for A < 1 pm) without application of AR films. The random,
reactive ion etching (RIE) texturing techniques described here provide a controlla-
ble approach to synthesize micro- and nanoscale randomly etched surfaces. This
tuneability enables enhanced absorption without incurring reflection losses. In a
typical random RIE-texturing process, nanoscale metal particles either from the
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Fig. 2.20 Cross-sectional SEM profiles of thru-wafer cracks after 300-s etching in slow etch solu-
tion: (a) low-resolution image and (b) high-resolution image of the top surface

chamber walls or from a suitable source are introduced into the plasma during the
etching process. These particles are randomly deposited on the Si surface and act as
“micromasks” [20]. These randomly distributed micromasks protect Si underneath
from etching, while the rest of the unprotected regions is etched resulting in a ran-
domly textured surface.

2.4.1 Metal-Assisted Random Reactive lon Texturing
of Silicon

Plasma reactive ion etching and texturing processes were developed in 790-Plasma-
Therm RIE system. A broad process range, including SF, O,, CF,, CHF; gases,
flow rates, chamber pressures, RF power, DC bias, and substrate temperature, was
investigated. Consistent reproducible room temperature texturing based on SF¢/O,
plasma chemistry was realized [21]. Controllability of texture process was deter-
mined to be a function of artificially introduced metal sources introduced into the
reaction chamber. These sources were formed by coating small (~ 2-4 cm?) pieces
of Si with various metal films in order to establish their catalytic behavior.
Figure 2.21 displays SEM images of Cr-, Ti-, and Pd-assisted textured surfaces. A
broad distribution of feature sizes, profiles, and depths was observed. The Cr-assisted
textured features are typically ~50-100 nm in diameter and separation with
~100-500-nm depths. The Ti-assisted profiles combine ~50-100-nm ridges at the
top of ~1-pm deep trenches with typical hole diameters ranging from ~500 to
1000 nm. The Pd-assisted texture exhibits dimensions in 1-2-pm range. Reflection
response of these surfaces will be presented in Chap. 3.
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Fig. 2.21 SEM pictures of Cr- (a), Pd- (b), and Ti-assisted (¢) randomly textured surfaces; the
white lines represent length scales of 100 nm for Cr- and Ti-assisted and 1 pm for Pd-assisted
surfaces

Fig. 2.22 SEM images of pictures of Al-assisted textured surfaces as a function of placement: (a)
position # 1 and (b) position # 2; see reference [21] for details

Texture uniformity and microstructure were determined to be a function of metal
source location relative to the Si wafer. Figure 2.22 shows the SEM images of
microstructure for the two cases. The microstructure changes from columnar
(50-100-nm diameter, ~ 1-pm deep) to several pm wide features with extremely
thin ridges. Figure 2.23 displays SEM profile images of hybrid and conditioned
textures. The hybrid texture process refers to etching on both Si and graphite cath-
odes, and the conditioned texture process refers to an unassisted texturing process
in which the chamber is conditioned with monolayer metal coatings prior to etching
wafers. The hybrid texture bears resemblance to the Ti-assisted texture process,
whereas the conditioned texture is similar to Cr-assisted textures except that the
feature dimensions are approximately an order of magnitude larger.

A simple, controllable RIE texture process, independent of crystal orientation,
has been developed. Texture profile control is a function of plasma process param-
eters and catalytic role played by artificially introduced metallic ions.
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Fig. 2.24 SEM images of random RIE-textured profiles as a function of etch time: (a) 6 min, (b)
10 min, and (c¢) 14 min; the length scale on all three SEM pictures is 0.8 pm

2.4.2 Texture Evolution and Damage Removal

It is preferable to reduce texture process duration in order to minimize plasma-
induced surface damage [22—24]. Therefore, texture evolution, as a function of time
and post-RIE surface damage removal, was investigated in alkaline and acidic
chemistries. Figure 2.24 displays SEM images of random RIE-textured profiles for
texture times in 4—14-min range. A comparison of textured surfaces reveals that
longer etch time reduces texture density by removing nm-scale linewidth surfaces
leaving relatively larger features at longer etch times. Randomly textured surfaces
exhibit depth variation in ~0.5—1.5-pm range for all three cases. Figure 2.25 dis-
plays SEM images of 14-min RIE surface (Fig. 2.24c) following damage removal
etch (DRE) for 270 s at room temperature in 40% KOH solution. This DRE process
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P

Fig. 2.25 SEM images of 14-min random RIE-textured profiles after 270-s KOH DRE: (a) top
view and (b) cross-sectional view; length scale on both SEM pictures is 0.8 pm

¥

Fig. 2.26 EM pictures of 14-min random RIE-textured profiles followed by 15-s nitric DRE: (a)
top view and (b) cross-sectional view; length scale on both SEM pictures is 0.8 pm

dissolves Si texture linewidths in ~50-100-nm range. The average separation
between random features increases without significant variation in etched depths.

For the 14-min etch process, DRE with acidic etching chemistry (HNO,/HF/H,O
in 10:1:4 by volume) was also evaluated. Figure 2.26 displays SEM profiles of nitric
DRE-textured surfaces after etching for 15 s. It is noted that nitric DRE has removed
all the nanoscale features, and also the typical separation between individual fea-
tures has increased to ~0.5—1.0 pm with rounded surface profiles.

Figure 2.27 displays SEM profiles of Al-assisted RIE-textured profiles at three
etch times. A comparison of the three etch processes reveals that increasing in etch
time reduces texture density leaving relatively larger features at longer etch times;
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Fig. 2.27 SEM profiles of Al-assisted random RIE-textured profiles as a function of etch time: (a)
6 min, (b) 10 min, and (¢) 14 min; length scale on both SEM pictures is 0.8 pm

Fig. 2.28 SEM images of 10-min Al-assisted random RIE-textured surfaces after 300-s KOH
DRE: (a) top and (b) cross-sectional views; length scale on both SEM pictures is 0.8 pm

depth of the etched structures varies in ~0.5—1.5-pm range. Plasma-induced damage
was investigated with both alkaline and acidic DREs. Figure 2.28 illustrates SEM
profiles of KOH-assisted DRE process for the 14-min RIE texture (Fig. 2.27c¢). In
agreement with earlier observations, KOH etching has dissolved surface features in
50-100-nm range. Also, average separation between random features has increased
without significant variations in etched depths. For the 14-min etch process, nitric
DRE process results are presented in Fig. 2.29. In agreement with earlier observa-
tions, nitric etch has removed almost all the fine texture, and also the average sepa-
ration between individual features appears to be larger than that observed in
Fig. 2.26b.

Figure 2.30 displays SEM images of conditioned texture profiles as a function of
nitric DRE time. It is observed that as etch time increases from 10 to 30 s, texture



2.5 POCI; Diffusion 47

Fig. 2.29 SEM images of 14-min random RIE-textured profiles followed by 10-s nitric DRE;
length scales are 1.0 and 0.8 pm, respectively, for the top (a) and cross-sectional (b) views

Fig. 2.30 SEM pictures of conditioned RIE-textured profiles as a function of nitric DRE for (a)
10's, (b) 20 s, and (c) 30 s; length scale on both SEM pictures is 0.8 pm

density is reduced leaving relatively larger features. The depth of the etched struc-
tures varies from ~0.5 to 1.5 pm in all three cases.

A controllable, RIE texture process in combination with alkaline and acidic DRE
treatments has been developed. Solar cells fabricated with RIE-textured surfaces
will be characterized in Chap. 6.

2.5 POCI; Diffusion

Furnace-based gaseous phosphorous diffusion with phosphorus oxychloride
(POCl,) is the industry standard in solar cell manufacturing [25-27]. Formation of
uniform passivated emitter with a sheet resistance low enough for screen printing
metallization is a function of several process parameters including temperature,
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time, and gas flow rates [28]. A conventional POCI; diffusion process consists of
two phases: deposition and drive-in. In the deposition phase, POCI; is dissociated
and reacts with oxygen governed by the following reaction:

4POCI, +30, —» 2P,0, +6Cl, (2.4)

where P,Os is the heavily doped phosphosilicate glass (PSG) film deposited on the
wafer surface. This PSG film acts as the dopant source to diffuse phosphorus in Si
during the drive-in phase by the chemical process described below:

2P,0, +5Si — 4P + 58i0, (2.5)

In solar cell, P is typically diffused to a depth of ~0.3-0.5 pm. Process flow gases
like N, and O, play a critical role in the formation of PSG layer and diffusion as
illustrated by a typical POCl, diffusion process described in Fig. 2.31[29]. For most
of the work reported here, deposition and drive-in times were ~ 5—10 min; sheet
resistances varied from ~50 Q/square to ~20 Q/square at 850 °C to 900 °C drive-in
temperatures, respectively. The O, flow during drive-in phase results in an in situ
oxide layer of ~100-nm thickness. Figure 2.32 shows a batch of 6-inch diameter
wafers grown with an in situ oxide.

Spreading sheet resistance profiling (SRP) measurements are used to character-
ize phosphorous doping profiles as a function of temperature [30]. Phosphorous
concentrations and resistivity in 850-950 °C temperature range have been plotted in
Figs. 2.33, 2.34,2.35 and 2.36. Key features of the POCI; diffusion process are sum-
marized below.

(i) At 850 °C drive-in temperature, P concentration is low at ~10'/cm~3, and junc-
tion depth is ~0.023 pm; concentration of P at the surface is nonuniform
as well.

(ii) At 875 °C drive-in temperature, P concentration is high at ~2 x 10'/cm=3, and
junction depth is ~0.16 pm; concentration of P at the surface is uniform as well.

(iii) At 900 °C drive-in temperature, P concentration is even higher at ~2 x 102/
3

cm™, and junction depth is ~0.27 pm; concentration of P exhibits linear
reduction.
Fig. 2.31 Typical Drive-in
temperature profile of Deposition 850-900°C
POCI; diffusion process 790 °C
700°C N, J00°C
POCI,/O,

POCIy/N,
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Fig. 2.32 Six-inch
diameter wafers with an in
situ oxide grown as part of
POCI, diffusion process
shown in Fig. 2.31
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Fig. 2.33 SRP measurements of diffused phosphorous concentration (a) and resistivity (b) at
drive-in temperature of 850 °C

(iv) At 950 °C drive-in temperature, P concentration is even higher at ~2 x 10%/
cm~3, and junction depth is ~0.6 pm; concentration of P exhibits linear reduc-
tion similar to that observed at 900 °C.

For solar cells, emitter at 850 °C is too shallow and nonuniform, and at 950 °C,
emitter concentration and depths are too high; best emitter profile is at
875 °C. Measured sheet resistances at four process temperatures have been sum-
marized in Table 2.1.

EDX analysis was applied to estimate surface P concentrations. Figure 2.37 dis-
plays top view (Fig. 2.37a) of POCI, diffused surface, at 950 °C drive-in tempera-
ture, coated with in situ oxide along with its associated EDX data (Fig. 2.37b). EDX
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Fig. 2.34 SRP measurements of diffused phosphorous concentration (a) and resistivity (b) at
drive-in temperature of 875 °C
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Fig. 2.35 SRP measurements of diffused phosphorous concentration (a) and resistivity (b) at
drive-in temperature of 900 °C
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Fig. 2.36 SRP measurements of diffused phosphorous concentration (a) and resistivity (b) at
drive-in temperature of 950 °C

Table 2.1 Sheet resistances Sheet resistance

for temperatures in Temperature (°C) | (Q/square)

850-950 °C range 350 55
875 26
900 5
950 2

spectrum reveals strong peaks of Si, O, and P; C peak is related to system related.
EDX measurements, unlike SRP, are not destructive and may be used for quantita-
tive analysis of surface concentration. Since the recorded P signal is a function of
electron energy, signal at any given electron energy can serve as a standard for
comparative analysis of diffused samples under varied process parameters.
Figure 2.38 plots P signal as function of electron energy from 3 keV tol0 keV. A
linear response of elemental signal intensity versus incident electron energy is
observed. This method can be used as nondestructive approach to measure dopant
concentrations with SRP-calibrated samples as reference.

2.6 Plasma Implantation

Ton implantation methods to form front surface emitters in Si solar cells were first
investigated in the 1980s on account of their inherent ability to independent control
dopant profile, junction depth, and carrier concentration [31-34]. Despite their
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Fig. 2.37 Top view SEM image of POCl;-doped Si surface with in situ oxide (a) and its EDX
spectrum including elemental concentration ratios (b)
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Fig. 2.38 EdX spectra as a function of incident electron energy: (a) spectra as acquired and (b)
spectra at reduced vertical scale for enhanced P signal resolution

superior performance, ion-implanted methods were considered unsuitable for low-
cost, high-throughput manufacturing of industrial solar cells due in large part to the
difficulty of achieving high (~ 6 x 10'*/cm?) doses at low (< 5 kV) voltages in con-
ventional ion implanters; the cost of ion implanters was also a major inhibit-
ing factor.

Young et al. addressed these issues by developing a simple plasma doping system
based on BF; gas source to fabricate high-efficiency p*/n/n* Si solar cells [35]. These
plasma-implanted surfaces were annealed using pulsed excimer laser in a step and
scan configuration [36-37]. A comprehensive review of plasma immersion ion
implantation (PIII) processes has been provided in reference [38]. PIII has been exten-
sively investigated in conjunction with rapid thermal annealing (RTP) in integrated
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circuit (IC) manufacturing for creating shallow (< 0.1 pm) junctions [39-41] and
dynamic random access memory devices [42]. Varian has also developed a commer-
cial plasma implantation tool for IC manufacturing; however, such tools are expensive
as well as unsuitable for solar cell manufacturing [43].

2.6.1 Plasma Implantation System

Figure 2.39 illustrates the concept of plasma doping tool in which wafer is immersed
in a DC glow discharge of the implant gas. This system consisted of a DC plasma
source, vacuum chamber, and dopant gas delivery system. The Si wafer is used as
the discharge cathode so that positive ions are accelerated from the discharge across
the cathode sheath to the substrate. The test chamber was large enough to implant
up to 150-mm diameter substrates; relevant technical details are in reference [44].
Plasma ion immersion implantation system described schematically in Fig. 2.39
was designed and built. Single wafers were manually loaded at the center of the
wafer chuck. The plasma chamber was pumped down to the base pressure with a
rotary vane pump. Undiluted dopant gas was passed through a mass flow controller
metered to the gas distribution ring above the anode, and plasma by-products are
pumped from beneath the wafer chuck. Chamber pressure was controllable over a
wide range (~ 5-1000 mTorr) in order to determine the optimum pressure for
implants. The separation between the cathode and anode was adjustable in order to
determine optimum implant energy. The plasma power supply was connected for
timed intervals during which the wafer chuck was biased to a high negative voltage
with respect to the plasma discharge. The voltage forms a cathode sheath between
the bulk of the plasma discharge and the silicon substrate such that boron-containing
positive ions are accelerated into the silicon surface. This configuration can create
current densities at the substrate of ~1 mA/cm? needed to apply implant doses in the
10'5-10'¢ cm~2 ranges in seconds. The top electrode was mounted on an adjustable

Fig. 2.39 Schematic of BF.
the DC glow discharge
apparatus developed for
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(a)

Fig.2.40 Pictures show plasma ion immersion assembly before (a) and during (b) plasma implan-
tation process

carrier that is connected to a high-voltage, electrically isolated, vacuum feed through
from the top of the glass plate (Fig. 2.40a). Figure 2.40b shows a picture of the same
chamber with plasma doping in progress. Stable plasma is seen between the top
anode and the bottom cathode on which the wafer is placed. Boron and phosphorous
implants were carried out with plasma generated by BF; and PF; gases, respec-
tively; 5-kV pulsed DC power supply was used to generate plasma. Implanted
wafers were annealed at 1000 °C in N, ambient. Plasma ion immersion implantation
system was equipped with the following features:

(i) Parallel-plate configuration with controllable spacing from 1 inch to 3 inches
between the anode and cathode.
(ii) Implantation capability up to 6-inch diameter Si wafers.
(iii) Variable DC bias in pulsed configuration, pulse frequency range from ~60 Hz
to 2000 Hz with controllable pulse duration from few ps to 20 ps.
(iv) Two-stage vacuum system based on mechanical and diffusion pumps.
(v) Electronically controlled mass flow controllers and throttle valves to control
dopant and chamber pressure.
(vi) Chamber pressure measurement range between 5 mTorr and 1000 mTorr.
(vii) BF; and PF; dopant gas flow from 0 sccm to 20 sccm.
(viii) Bias voltages measured from 700 V to 4000 V.
(ix) Implantation current variation from a few mA to ~1 A.
(x) Plasma system displayed visual discharge.
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Fig. 2.41 Boron surface concentration (a) and resistivity (b) plotted as a function of depth for
1-kV implantation at 100-mA current
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Fig. 2.42 Boron surface concentration (a) and resistivity (b) plotted as a function of depth for
2-kV implantation at 100-mA current

2.6.2 Profiles of Plasma-Implanted Boron

Figures 2.41, 2.42, 2.43 and 2.44 plot boron concentrations and resistivity profiles
for implantation voltage in 1-kV to 4-kV range; implantation current varied from
~100 mA to ~1000 mA. For all implantations, chamber pressure was kept at ~50
mTorr for 5-min implantation times; implants were activated at 1000 °C anneal for
30 min. Boron concentration at the surface increases with voltage and reaches maxi-
mum values of ~10"/cm? in 3-4-kV range. Resistivity of the implanted layer
decreases with voltage from ~0.1 ohm-cm to 0.01 ohm-cm. Implant depth increases
linearly from 0.2 pm to 0.6 pm.
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Fig. 2.44 Boron surface concentration (a) and resistivity (b) plotted as a function of depth at 4-kV
implantation and 1000-mA current

2.6.3 Profiles of Plasma-Implanted Phosphorous

Figures 2.45, 2.46 and 2.47 plot phosphorous concentrations and resistivity profiles
for implantation voltages in 1.1-kV to 2.2-kV range; implantation current was kept
constant at ~200 mA. Chamber pressure was varied from 50 to 100-mTorr range for
2-min implantation times; implants were activated at 1000 °C anneal for 30 min.
Phosphorous concentration, at the surface, increases from ~10"/cm?® at 1.1 kV to
greater than 10?/cm? at 2.2 kV. Resistivity of the implanted layer decreases with
voltage from ~0.01 ohm-cm to 0.005 ohm-cm. Implant depth increases linearly
from 0.12 pm to 1.0 pm.
Comparison of boron and phosphorous implants reveals that:

(i) Shallow junctions with high concentrations are formed with phosphorus
at 1 kV.
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Fig. 2.45 Phosphorous surface concentration (a) and resistivity (b) plotted as a function of depth
for 1.1-kV implantation at 50 mTorr
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Fig. 2.46 Phosphorous surface concentration (a) and resistivity (b) plotted as a function of depth
for 2.2-kV implantation at 50 mTorr

(i) Phosphorous implantation results in high surface concentration and lower
resistivity relative to boron; difference is at least an order of magnitude.
(iii) Variation in concentration for phosphorus is significantly faster for P.

Plasma ion immersion offers a simple and environmentally sustainable doping
option in solar cells. Except for implant anneal, all processes are carried at room
temperature. For shallow junctions, emitter profiles with plasma doping are superior
to the POCI; process.
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Fig. 2.47 Phosphorous surface concentration (a) and resistivity (b) plotted as a function of depth
for 1.1-kV implantation at 100 mTorr

Table 2.2 Sheet resistance measurements from H;PO,-doped wafers

Sheet resistance at 8§75 °C Sheet resistance at 900 °C
H;PO,/H,0 ratio (%) | (€/square) (Q/square)
20 48 28
30 40 27
40 38 25

2.7 Phosphoric Acid Diffusion

POCI, diffusion process is based on highly toxic chemical [45]. The plasma implan-
tation process requires toxic gases [46—47]. Environmental sustainability requires
replacement of all toxic processes. Alternative to boron diffusion with benign boric
acid has been investigated with excellent results [48]. Spin-on doping (SOD) formu-
lations have long been used for phosphorous diffusions in solar cells [49-50].
Commercially available SOD sources generally consist of P,Os and SiO, constitu-
ents dissolved in organic solvents with limited shelf life. Tang et al. reported on
tetraethyl orthosilicate (TEOS) solutions with varying phosphorous acid concentra-
tions as phosphorous doping source [51]. Here, a much simpler approach is reported
in which commercial-grade, high-purity phosphoric acid (85% H;PO, in water) is
mixed with water; ratios in 20%—40% by weight were investigated. Prior to apply-
ing H;PO,/H,O solution by either spin-on or blade coating [52], hydrophilic Si sur-
faces were formed in NH,OH/H,0,/H,O (1:1:5 by volume) solution at 70 °C
for 10 min.

Coated wafers were dried in an oven in air at 150 °C for 10 min. Phosphorous
drive-in diffusion process was carried out at 875 °C and 900 °C in a quartz furnace
in N, ambient; annealing time was fixed at 30 min. Sheet resistance values have
been summarized in Table 2.2. The diffusion uniformity across the wafer improves
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with concentration and temperature. This simple diffusion process gives sheet resis-
tances suitable for screen printing processes. Oxide film on wafers was etched off in
dilute HF solution followed by cleaning in HCI/H,0,/H,O solution at 70 °C for
10 min. A thermal oxide of 100-nm thickness was subsequently grown in an oxida-
tion furnace for passivation and anti-reflection.

2.8 Passivation and AR Film Deposition

Diffusion process is followed by deposition of surface passivation and anti-reflection
films. In this section, five different types of passivation/AR film configurations are
described; solar cell LIV measurements on these configurations will be presented in
Chap. 6.

2.8.1 In Situ SiO,

Thermally grown oxide with refractive index of ~1.45 is not as effective as higher
index films such as SiN with a refractive index close to 2. However, if the surface
reflection is lower due to appropriately textured nm-scale features, 100-nm-thick
SiO, film is comparable with SiN. In situ SiO, film, grown as part of POCl; diffu-
sion process, is described in Fig. 2.31. In situ oxide film thickness was ~100 nm,
and its appearance ranged from light blue on planar to dark blue on textured surface.
This approach eliminates additional processing step of etching of POCI;-doped
oxide film followed by either thermal oxidation or SiN deposition. Solar cell perfor-
mance will establish validity of this approach.

Figure 2.48 plots cross-sectional elemental EDX scan of P in the oxide film. The
red line in the plot represents variation in P concentration across the linescan direc-
tion indicated by yellow line in the SEM picture and its smaller image (green line)
just below the plotted curve. Phosphorous concentration increases substantially in
the in-SiO, film since it serves as the dopant source during the drive-in process.
Concentration of P rises from ~50% to 100% inside the oxide film. Inside Si sub-
strate just below the SiO, film, P concentration rises from ~25% to 50%. Figure 2.49
plots similar EDX measurements for O illustrating O concentration rise from ~40%
to ~100% inside the oxide film. Just below the oxide film, O concentration inside
the Si substrate is ~40% and slowly decreases to ~8% at 2-pm distance away from
the oxide interface.

The EDX measurements combined with SEM morphology present a vivid image
of the POClI;-diffused interface with an in situ oxide. Phosphorous concentration
exhibits slow rise in concentration from the substrate to the interface and reaching a
maximum value inside the film; O concentration reveals a similar behavior. P con-
centration profile is in good agreement with the SRP data described above. Presence
of substantial O concentration well inside the substrate is surprising and will be
compared with ex situ oxide surfaces.
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Fig. 2.48 Cross-sectional EDX scan of in situ SiO, film grown as part of POCI; diffusion process.
Green line represents 2-pm-long linescan range to detect phosphorus; inset shows the linescan
direction for P detection, and SEM picture inside the plot reveals the structure

2.8.2 Ex Situ SiO,

In order to evaluate passivation and solar cell performance variation with P-doped
Si0,, conventional SiO, films were also grown. In this process, residual in situ oxide
film grown during POC]; diffusion process is etched off in dilute HF solution, and a
second SiO, film is thermally grown in a separate oxidation tube furnace; film thick-
ness was 100 nm. Figure 2.50 displays EDX analysis of surface in top view configu-
ration. For this configuration, P concentration at ~0.04 is barely detectable;
normalized O concentration at ~26.4% compares well with 28.7% O detected in
similar configuration for POCl;-doped surface with in situ oxide (Fig. 2.31).
Figure 2.51 displays EDX results for variation of O and Si concentration across the
oxide film; P concentration could not be detected. Oxygen concentration rises from
~4% to 80% within the oxide film. Oxygen concentration inside Si substrate just
below the SiO, film is negligible (~ 4%); further away from the film, the concentra-
tion approaches zero. Comparison of O concentrations below SiO, films in situ
(Fig. 2.49) and ex situ (Fig. 2.51) reveals approximately an order of magnitude
higher concentration in the former configuration.
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Fig. 2.49 Cross-sectional EDX scan of in situ SiO, film grown as part of POCI; diffusion process.
Green line represents 5-pm-long linescan range to detect phosphorus; inset shows the linescan
direction for O detection, and SEM picture inside the plot reveals the structure
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El AN Series wunn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]
C 6 K-series 8.68 7.33 13.30 1.65
O 8 K-series 31.24 26.40 35.96 3.92
Si 14 K-series 76.99 65.07 50.49 3.45
(a) P 15 K-series 0.05 0.04 0.03 0.03
Sn 50 L-series 1.36 1.15 0.21 0.07
5238
SE MAG: 7000 x HV: 30.0.4V WINES.S man (c) Total: 118.32 100.00 100.00

Fig. 2.50 Top view SEM image of POCl;-doped Si surface with ex situ

spectrum (b) and table of elemental concentration ratios (c¢)

oxide (a) and its EDX
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Fig. 2.51 Cross-sectional EDX scan of ex situ SiO, film grown in an oxidation furnace after
POCI, diffusion process. Green line represents 1-pm-long linescan range to detect Si and O; inset
shows the linescan direction for O detection, and SEM picture inside the plot reveals the structure
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
C 6 K-series 37.65 25.90 39.31 5.17
O 8 K-series 38.39 26.41 30.09 4.74
Si 14 K-series 68.17 46.89 30.43 3.05
P 15 K-series 0.16 0.11 0.06 0.03
Ag 47 L-series 0.00 0.00 0.00 0.00
Sn 50 L-series 0.99 0.68 0.10 0.06

(c) Total: 145.36 100.00 100.00

Fig. 2.52 Top view SEM image of H;PO,-doped Si surface with ex situ oxide (a) and its EDX
spectrum (b) and table of elemental concentration ratios (c¢)
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Fig. 2.53 Cross-sectional EDX scan of ex situ SiO, film grown in an oxidation furnace after
H;PO, diffusion process. Green line represents 3-pm-long linescan range to detect O; inset shows
the linescan direction for O detection, and SEM picture inside the plot reveals the structure

2.8.3 Ex Situ SiO, on H;PO Doped Surface

For phosphoric acid-doped surfaces (Sect. 2.7), surface P concentration was below
the EDX detection limit. Figure 2.52 plots EDX measurements in cross-sectional
configuration revealing presence of minimal P concentration in Si under thermally
grown oxide film. Figure 2.53 plots O concentration across the thin SiO, film; no P
was detected in linescan configuration. Observed O concentration profile was simi-
lar to in situ Si0O, film (Fig. 2.49).

2.84 PECVD SiN on POCl;-Doped Surface

For shallow emitters formed by POCI; diffusion, surface P concentration was below
the EDX detection limit. Figure 2.54 plots top view EDX measurements of POCl;-
doped surfaces with plasma-enhanced chemical vapor deposited (PECVD) Si films.
Element concentration ratios in Fig. 2.54 reveal approximately 24% N and 1.5% O
concentrations; no P concentration could be detected. Figure 2.55 plots N
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El AN Series unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

6 K-series 12.73 9.33 15.86 3.23
7 K-series 32.42 23.76 34.65 6.29
8 K-series 2.01 1.47 1.88 0.83
i 14 K-series 89.32 65.45 47.61 4.06
15 K-series 0.00 0.00 0.00 0.00

(C) Total: 136.47 100.00 100.00

Fig. 2.54 Top view SEM image of POCl;-doped Si surface with PECVD SiN film (a) and its EDX
spectrum (b) and table of elemental concentration ratios (c¢)
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Fig. 2.55 Cross-sectional EDX scan of PECVD SiN film on POCI;-diffused surface. Green line
represents 0.6-um-long linescan range to detect N; inset shows the linescan direction for N detec-
tion, and SEM picture inside the plot reveals the structure
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concentration across the thin SiN film revealing increase from baseline concentra-
tion of ~20% to 100% within the film. The concentration profile is similar to that
observed for ex situ oxide film in Fig. 2.53.

2.8.5 ITO on POCl;-Doped Surface

Indium tin oxide (ITO) films were deposited on POCl;-doped surfaces in vacuum-
based, reactive radio frequency sputtering process. Figure 2.56 presents EDX data
of ITO film in cross-sectional configuration. Normalized elemental concentrations
reveal presence of ~13% O, 28% In/Sn, and 0.83% P; spectrum features are similar
to those reported in literature for ITO films. ITO film is conformal over nm-scale
randomly textured surfaces.

2.9 Screen Printing

In most industrially produced solar cells, photo-generated current is extracted
through low-resistance positive (Al) and negative (Ag) metal contacts. Ag and Al
pastes are screen printed on front and rear surfaces of the wafer. Pastes are dried in
a low (~ 150 °C) temperature conveyor belt furnace to remove excess solvents fol-
lowed by high temperature annealing to form ohmic contacts with Si; Chap. 4 will
discuss contact mechanisms in detail.

The screen printing process is carried out in a refurbished MPM screen printer
shown in Fig. 2.57. This MPM semi-auto screen printer allows printing frame up to
the size of 500 mm x 500 mm on substrates up to 450 mm x 450 mm. The x-y table
holding the substrate has x, y, and theta adjustments in order to achieve precise
substrate position under squeegee. In a typical screen printing process, wafer is
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1 H 3 i H § 7 B 9 w
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El AN Series unn. C norm. % Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

C 6 K-series 5.91 5.07 12.46
O 8 K-series 14.92 12.78 23.61
Si 14 K-series 61.99 53.11 55.88
P 15 K-series 0.96 0.83 0.79
In 49 L-series 32.94 28.22 7.26
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SE MAG: 18000 x HV: 10,0 k¥ WD: 20.2 mm (c) Total: 116.72 100.00 100.00

Fig. 2.56 Cross-sectional view SEM image of POCl;-doped Si surface with ITO film (a) and its
EDX spectrum (b) and table of elemental concentration ratios (c)
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Fig. 2.57 MPM semiautomated screen printer used for Ag and Al paste contacts to Si wafers

placed under the silk screen containing thick metal paste. A squeegee presses the
paste across the entire length of the wafer dispensing metal paste on the wafer
through the transparent openings in the screen print mask.

2.9.1 Screen Printer Modification

MPM semi-auto screen printer was originally designed for printed circuit board
work. Therefore, its application to Si wafers required significant modifications.
Existing substrate holder was replaced by a vacuum chuck connected to an external
vacuum pump to hold wafer in place during screen printing process. Air pressure
adjusters were added before the squeegee up/down and printhead up/down pneu-
matic cylinders to control the speed of the squeegee and printhead. The original
electrical control system was replaced by a new control system in order to control
the new pneumatic valves. Figure 2.58 describes modified control system design for
both the pneumatic valves and electrical solenoids. The new pneumatic valves,
manufactured by Parker Pneumatic, were mounted on the 35-mm DIN (Deutsches
Institut fiir Normung — German Institute for Standardization) mounting rail
(Fig. 2.59). These pneumatic valves are controlled by electrical solenoids on top of
the pneumatic valves. When 12-V DC electric signal is supplied to the solenoid, it
triggers the pneumatic valve. These pneumatic valves have two main categories: red
colored normally closed (NC) and yellow colored normally open (NO). A NC valve
cuts off the compressed air supply in non-triggered situation and supplies com-
pressed air after being triggered by solenoid. A NO valve supplies compressed air
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Fig. 2.58 Compressed air-based pneumatic and electrical control system schematic for semiauto-
matic screen printer operation

Fig. 2.59 Electropneumatic interface valves for MPM semiautomatic screen printer

supply in non-triggered situation and cuts off the compressed air supply after being
triggered by solenoid. Printhead and vacuum (close) work under NO situation
requiring yellow colored pneumatic valves. Squeegee (down and forward/return),
vacuum shutter (open), and wafer platen require red colored pneumatic valves that
work under NC condition.
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Fig. 2.60 Pictures of s MPM screen printer control units: (a) for automatic control and man-
ual control

Original MPM was equipped with four operating modes: setup, alternate, single,
and double. These four modes did not allow user to control individual steps. The
ability to control each individual step is important as it allows the user additional
flexibility to change the process according to the process requirement. Therefore,
the new control system was separated into two parts to allow the screen printer
operation in fully manual or fully auto mode. Figure 2.60 displays pictures of two
control units able to operate screen printer in auto mode (Fig. 2.60a) and manual
mode (Fig. 2.60b). A switch located at the side of the unit allows user to select the
desired mode.

In the manual operation, six control switches allow access to individual screen
printer functions. In the automated mode, two start buttons are pressed simultane-
ously to commence screen printing process from start to end. Pictures of the internal
circuit part of the automatic box and the manual box are displayed in Fig. 2.61a, b,
respectively. The core of the automatic box is the PIC16F877A microcontroller
programmed to control functionality of the screen printer. The PIC microcontrollers
are designed to provide inexpensive, programmable logic control for interfacing
with external devices. PIC microcontrollers is well-suited to monitor a variety of
inputs, including digital signals as well as analogue inputs and apply pre-
programmed instructions executed by the built-in computer processor.
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Fig. 2.61 Screen printer control box internal circuits for automatic (a) and (b) manual operation
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Chapter 3
Optical Interactions

Semiconductor processing of a Si wafer described in Chap. 2 creates optimum fields
and surfaces to facilitate efficient conversion of absorbed light in Si wafer into
external current. Figure 3.1 illustrates how reflection and transmission losses con-
tribute to reduced performance purely from optical perspectives. In a monofacial
solar cell, light from the back surface is reflected, and some of it eventually escapes
from the wafer following multiple internal reflections especially in near-IR spectral
region. A good solar cell combines minimum reflection losses with maximum
absorption. These requirements are examined in terms of texture dimensions.
Conversion of absorbed light into photocurrent is investigated using surface photo-
voltage effect. Alternate optical characterization schemes based on photoconductive
decay and photoluminescence imaging will be presented.

3.1 Geometrical Optics

Crystalline silicon is characterized by its high refractive index and weak near-IR
absorption resulting in high reflection (Fig. 3.2a) and transmission losses (Fig. 3.2b)
[1]. Si reflectance is high ~52% in the UV region and decreases to ~33% through
most of the visible to near-IR range. Spectral response reveals UV-visible light
absorption close to the top surface. At longer wavelengths, particularly near the
band edge, the absorption is much weaker, i.e., absorption depth of ~100 pm at
1-pm wavelength. In most solar cells, the n/p junction, formed within ~0.1-0.5 pm
of the top surface, collects almost 100% of the photo-generated carriers in the
UV-visible spectral range. In near-IR spectral range, a fraction of carriers is lost to
bulk recombination due to material defects. Well-designed solar cells with appropri-
ate anti-reflection films [2] convert almost 100% of the UV-visible radiation into
current; however, anti-reflection films don’t improve near-IR absorption. A highly
effective approach aimed at enhancing near-IR absorption is based on light trapping
using geometrical optics through random pyramidal texturing of (100) Si surfaces

© Springer Nature Switzerland AG 2021 71
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Fig. 3.2 Spectral reflectance (a) and absorption depth in Si (b) plotted as a function of wavelength

[3]. In these structures, enhanced absorption is achieved by oblique coupling of
light into the semiconductor. Typical feature dimensions >> larger than optical
wavelengths take advantage of the fact that due to large refractive index n of Si, light
traveling at angles >0c = sin~! (1/n) is subjected to total internal reflection. These
methods have been extensively investigated and contribute to optical path length
enhancement of ~1.3 relative to a planar surface [4].

An alternative approach aimed at enhanced absorption has also been investigated
and is better understood with a review of statistical mechanics [5]. In a weakly
absorptive medium, the number density of photons absorbed at a given frequency w
is proportional to the product of four factors:

Absorbed photon density = u(w)*a * . ﬁ 3.1
n deo’

where
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()= —— (32)
ho
exp| — |-1
k,T
is the Bose occupation number for solar radiation, « is the absorption coefficient of

the material, ¢ is the velocity of light in vacuum, 7 is material refractive index, and
3

. . 1 dk. . .
k is the wave vector of light. — * o is the effective density of states p(w) for absorp-
n do

tion. In an isotropic medium, a photon state is represented by a plane wave of defi-

nite polarization and propagation vector. The number density of these states is
proportional to 47 k%, where k = 21t/A. In an isotropic medium of refractive index n,
k = n * k so that the density of states in a medium is larger by a factor of n?. These
extra photon states are visualized as light rays traveling in an optically dense
medium at angles >fc. In a detailed statistical analysis, Yablonovitch predicted
absorption enhancement in textured surface by as much as a factor of 4n? over a
planar surface [6]. However, in order to reach this statistical mechanics limit, sur-
face texture must fully randomize incident light to fill internal optical phase space.
Deckman et al. [7] have demonstrated that optimum random textures have dimen-
sions slightly larger than the wavelength of light in the material. If the lateral dimen-
sions of the microstructure are too large, light is specularly reflected reducing
internal randomization. If the lateral dimensions are much smaller than the wave-
length of light, light scattering is also not effective because of the inability to resolve
microstructure, which again reduces internal randomization. Therefore, in order to
achieve maximum possible absorption enhancement, a precise balance between
randomness and microstructure dimension must be realized.

3.2 Diffractive Optics

Optical scattering of light incident on a periodic surface is described in terms of
diffraction grating equation given by [8]

sinf,, = sin0, +m%, (3.3)

where d is the spatial period of material, A wavelength of incident light, 6; incident
angle, and 0,, angle of diffracted beam; m = 0, 1, £2, ..., £ m. Assuming normal
incidence for a material of refractive index, n, the diffraction angle, 6,, is given by

. A
9m =Sin {mm} (34)

Equation 3.4 can be used to illustrate angular distribution of transmitted diffrac-

A
(n*d)

tion orders inside a material of refractive index, n, as a function of the ratio
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as illustrated in Fig. 3.3. The first case is similar to geometrical optics with surface
features much larger than the wavelength (Fig. 3.3a). For such surfaces, diffraction
angles are small and transmitted diffraction orders propagate approximately normal
to the surface. The second case considers surface features comparable to optical
wavelengths and leads to large angle scattering of diffracted orders inside Si. This
configuration is referred to diffractive scattering and can potentially fill the k-space
described above [9]. The third configuration refers to surface features significantly
smaller than optical wavelengths; for such surfaces, there are no diffraction orders.
This configuration is leading to physical optics and waveguides [10]; it will be dis-
cussed in later sections.

In thin Si wafers, oblique coupling of light is desirable in order to enhance its
path length to generate photocurrent closer to the surface. Figure 3.4 illustrates opti-
cal path length enhancement for a diffraction order propagating at an angle, 6,,, in a
wafer of thickness, ¢, with respect to the normal; the optical path length is given by

Optical path length = 3.5

cos 0

m

Therefore, for large angles, OPL enhancement is much larger than can be achieved
in geometrical optics, i.e., for 0,, = 75°, OPL is increased by ~4 times the wafer
thickness. For c-Si, refractive index at A=1 pm is 3.7 [11], the number of diffraction
orders at 0.68-pm period will be 4 (1, £2), and at 0.29-pm period, the number of
diffraction orders will 2 (+1); some of these will propagate at angles approaching
90° (Fig. 3.5).

d1 ~ dz = d3 &
M(n*d) << 1 AM(n*d) < 1 M(n*d) > 1
dy
d;
— 4y

Iy Y

(1 ) ‘ © v
Small Angle Scattering Large Angle Scattering No Diffraction

Fig. 3.3 Transmitted diffraction orders incident a material of refractive index n illustrated for (a)
A<<d, (b)forA~d, and (¢c) 1>>d
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Fig. 3.4 Optical path length variations with angle inside a weakly absorptive material of thickness ¢
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Fig. 3.5 Transmitted diffraction order angles plotted as a function of wavelength inside Si sub-
strates for periods in 0.27-0.68-um range

3.3 Optical Response of Subwavelength Periodic Structures

Light interaction with subwavelength periodic structures has been extensively
investigated. Wilson and Hutley investigated 2D moth eye patterns in photoresist
and metals [12]. They observed broadband anti-reflection behavior from both sur-
faces. The optical response was observed to be a function of pattern dimensions and
polarization of incident light. Enger and Case demonstrated broadband antireflec-
tive characteristics of 300-nm period quartz grating with significant enhancement in
transmission [13]. Profile of the periodic structure dominated optical response;
maximum transmission was observed for triangular profiles. Zaidi et al. [14]
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demonstrated broadband anti-reflection characteristics of Ag-coated 1D sub-pm
period structures. The reflection was demonstrated to be a function of grating depth,
profile, and incident light polarization. K. Knop observed that deep, rectangular-
profiled quartz gratings behaved as color filters in zero-order transmission, and the
response was similar for both polarizations for grating periods ~1.4-2.0 pm [15].
Ping Sheng et al. carried out exact numerical calculations for a thin-film, wavelength-
selective solar cell [5]. The model calculations showed 2-mA/cm? enhancement
over the planar surface for 1D grating and 3.5-4 mA/cm? for a 2D grating. By using
randomly textured surfaces, Deckman et al. reported on short-circuit density
(~3 mA/cm?) increase in thin-film solar cells [7]. Heine and Morf have recently
reported sub-pm grating application to improve solar cell performance. This
approach relies on blazing properties of grating structures to improve absorption in
IR region [16]. Later on, Zaidi et al. reported on broadband absorptive properties of
Si nanostructures for application in Si solar cells [17].

Modeling of periodic structures is involved and computer intensive. Figure 3.6
identifies three regions in terms of optical interaction with the material. Rayleigh
developed one of the earliest models; his approach was applicable only to shallow
gratings and did not consider fields within the structure [18]. This was addressed by
Botten et al., by deriving an exact eigenfunction for the electric field inside the grat-
ing region; the eigenvalues for this function are used during the electric field expan-
sion of the grating region by matching boundary conditions at three interfaces;
strength of the modellies in prediction of guided and anti-guided modes responsible
for optical enhancement [19].

The electric field in region [ is defined by

E'(xy)= ") 4 SR, (3.6)
k

where R,’s are diffraction orders and R, is the zero-order reflected beam. Electric
field in region III is

E" (xy)=YT,e" ), 3.7)

Fig. 3.6 Optical Reflected beam
configuration designed to
determine optical response

of a periodic structure
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T,’s are transmitted diffraction orders with 7, being the zero-order transmitted
beam. Electric field in region II is given by

E" (x) = X4 X, (1) A +Be ], (3.8)

T C

where X)(x) are eigenfunctions of the grating region. These equations are numeri-
cally solved to determine energy distribution within the reflected, transmitted, and
grating regions. This model provides physical insights; however, it is not commer-
cially available and is not easily applicable to arbitrary profiles.

Moharam and Gaylord developed an alternate numerical model based on rigor-
ous coupled-wave analysis (RCWA) in which the electric field inside the grating
region is represented in terms of Fourier series [20]. The numerical approach con-
sisted of slicing grating profile into many layers parallel to the surface to provide
accurate results, but perhaps with little physical insight. Alternatively, an effective
medium theory has also been developed that assumes continuous refractive index
variation from the top of the grating surface to the substrate in much the same man-
ner as the index variation in a graded index thin-film structure [2, 21]. This theory is
particularly suitable to triangular or sinusoidal profiles. Grating software,
GSOLVER™, based on the RCWA model is commercially available and will be
used in later sections for diffractive and physical optics analysis of optical response
of subwavelength structures [22].

3.4 Polarization and Anti-reflection Response
of Subwavelength Periodic Structures

High aspect ratio, nanoscale linewidth subwavelength grating structures are capable
of tailoring reflectance profile to any desired spectral range [23-29]. Optical
response of a wide range of one-dimensional (1D) and two-dimensional (2D) struc-
tures etched in c-Si substrates is evaluated over a wide range of grating parameters.
Normal incidence measurements of grating structures were carried out with respect
to incident light parallel (TE) and perpendicular (TM) to grating lines. All data was
normalized with respect to planar Si reflection under identical conditions

Figure 3.7a plots normal incidence zero-order reflectance response from 300-nm
period, 50-nm linewidth grating etched to a depth of 1000 nm (Fig. 3.7b). A broad-
band reflection reduction is observed for both polarizations. For TM polarization,
broadband reflection reduction is observed in 400-600-nm spectral range followed
by rapid increase in 600-800-nm range. For the TE-polarized light, reflection exhib-
its a broadband reduction; overall reflection is lower than that for the TM-polarized
light. Figure 3.8a plots normal incidence zero-order reflectance measurements from
500-nm period, 130-nm linewidth grating etched to a depth of 1000 nm (Fig. 3.8b).
A broadband reflection reduction is observed for both polarizations. For TM polar-
ization, reflection is reduced below 400 nm; at longer wavelengths, reflection
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Fig. 3.7 Polarization-dependent reflectance plotted as a function of wavelength (a) for 300-nm
period, 50-nm linewidth 1D grating (b)
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Fig. 3.8 Polarization-dependent reflectance plotted as a function of wavelength (a) for 500-nm
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remains constant. For the TE-polarized light, reflection exhibits a resonant structure
with reflection minima at ~350 nm, 550 nm, and 750 nm wavelengths; overall
reflection is lower than the TM-polarized light. Figure 3.9a plots normal incidence
zero-order reflectance measurements from 1000-nm period, 330-nm linewidth grat-
ing etched to a depth of 1000 nm (Fig. 3.9b). A broadband reflection reduction is
observed for both polarizations. For TM polarization, reflection minima are observed
at ~300 nm, 450 nm, and 550 nm wavelengths. For the TE-polarized light, reflection
exhibits similar structure with reflection minima at ~350 nm, 450 nm, 580 nm, and
750 nm wavelengths; overall reflection response is similar at both polarizations.
Reflection response comparison of these three structurers reveals a transition from
broadband to resonant behavior. This may be attributed to a combination of
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Fig. 3.9 Polarization-dependent reflectance plotted as a function of wavelength (a) for 1000-nm
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Fig. 3.10 Polarization-dependent reflectance plotted as a function of wavelength (a) for 440-nm
period, 20-120-nm linewidth triangular profile 1D grating (b)

diffractive and physical (waveguide) optics interactions. At 1000-nm period, there are
multiple radiative diffraction orders in 400-800-nm spectral range in Si; therefore,
some of the reflection minima may be attributed to coupling of incident light into
higher diffraction orders. In contrast, for the 300-nm period, no propagating diffrac-
tion orders are available in air, only transmitted orders are propagating inside Si.
Polarization-dependent reflection response of one-dimensional (1D) and two-
dimensional (2D) triangular gratings has also been evaluated. Figure 3.10a plots
normal incidence zero-order reflectance measurements from 440-nm period
triangular-profiled structure etched to a depth of ~600 nm with linewidth varying
from ~20 nm at the top to ~120 nm at the bottom (Fig. 3.10b). Substantially reduced
broadband reflection reduction, independent of polarization, is observed.
Figure 3.11a plots normal incidence zero-order reflectance measurements from
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~700-nm period, 2D grating etched to a depth ~1000 nm with a cylindrical profile
(Fig. 3.11b). Due to the two-dimensional nature of the structure, unpolarized light
was used for reflection measurements. Reflection was substantially lower than the
planar surface with broad reflection minima at ~450 nm, 550 nm, and 700 nm.
Finally, Fig. 3.12a plots reflection response of randomly etched 2D pattern with
periods and depths in ~500-1000-nm range and linewidth in ~50-350 nm range;
profiles were approximately triangular (Fig. 3.12b). This structure exhibits the low-
est reflectance and will be discussed in more detail in the section on randomly tex-
tured surfaces.
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3.4.1 Hemispherical Reflectance

Normal incidence, polarization-dependent zero-order spectral reflection measure-
ments do not provide enough information regarding energy distribution among
reflected and transmitted diffraction orders. Absolute hemispherical measurements
collect all the scattered radiation from the sample. Hemispherical reflectance of
structures displayed in Figs. 3.7, 3.8, 3.9, 3.10, 3.12 and 3.13 were also carried out.
Figure 3.14 plots hemispherical reflection measurements of the 1D grating struc-
tures; for reference, planar Si surface reflection is also included. Salient features of
these measurements are summarized below.

(i) Reflection from 1-pm grating is almost comparable to that of planar Si.
(i1) Increase in reflectance in 1000-1200-nm region is due to transmitted light
coupled out of the Si and grating samples.
(iii) Reflection is lowest in the UV-VIS region for the 300-nm period sample.
(iv) All samples exhibit narrowband reflectance bands.
(v) Reflectance is reduced as periods and linewidths decrease.

For the 300-nm period (blue line), the reflection dip at A ~ 320 nm probably cor-
responds to 6., ~ 90° in air. The reflectance minimum at 4 ~ 1000 nm probably cor-
responds to 6., ~ 90° in Si. For 500-nm period (green line), pronounced reflectance
dip at A ~ 500 nm probably corresponds to 6., ~ 90°, and the second dip at ~900 nm
appears to correspond to 6., ~ 90° inside Si. The reflection minimum for 1.0-pm
(red line) period grating at 4 ~ 0.92 pm is observed which approximately corre-
sponds to 6., ~ 90° in air. At this period, there are a large number of diffraction
orders inside Si. Some of the dips in the reflectance in 400—800-nm spectral range

Fig. 3.13 Scanning electron microscope pictures of 640-nm period 1D grating with linewidth in
~20-120 nm range etched to a depth of 600 nm: cross-sectional profile (a) and top view (b)
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probably correspond to higher-order non-radiative diffraction orders as well as
waveguide coupling within grating structures.

Figure 3.15 plots hemispherical spectral reflectance measurements of two 1D
grating structures; for comparison, reflection from bare and randomly textured Si
surface is also shown. It is seen that these surfaces exhibit broadband anti-reflection
behavior, and overall reflectance decreases as grating period and linewidths are
reduced from 0.64 pm to 0.44 pm. Figures 3.10b and 3.13 display SEM profiles of
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the 1D gratings used for measurements in Fig. 3.15. The 640-nm period grating has
a depth of ~600 nm with linewidth variation from ~60 nm at the top to ~300 nm at
half grating depth. The 440-nm period grating has a depth of ~600 nm with line-
width variation from ~15 nm at the top to ~100 nm at half grating depth. Thus, it
appears that reflection is reduced more effectively by linewidths in ~20-100 nm
linewidth range. An interesting feature is complete absorption even at 1000—1200-
nm spectral range for 1D gratings in comparison with the randomly textured surface.

In order to better understand optical interactions, 1D gratings at 300—1000-nm
periods etched in 1-6-pm-thick c-Si film on sapphire substrate. In this case, absorp-
tion in the thin film was calculated by using the formula

A=1-R-T, 3.9)

where total refection, R, and transmission, 7, were measured experimentally.
Figure 3.16 plots absorption measurements from all three structures; absorption in
planar film is also included for comparison. Salient features of these measurements
are summarized below.

(1) Observation of Fabry-Perot resonances due to interference between front and
rear-reflected light beams
(i) Lowest absorption in planar film
(iii) Higher absorption in 300-600-nm spectral region independent of period
(iv) Highest absorption at 300-nm period
(v) Resonant structure for 500- and 1000-nm periods

1.0

10 Grating
08 | 1.6-um ¢-Si Film
06 Sapphire Substrate

0.4

Absorption

Planar

Period ~ 0.3 ym
02 | poy

Period ~ 0.5 um

Period ~ 1.0 um
0.0 '

300 450 600 750 900 1050 1200
Wavelength (nm)

Fig. 3.16 Hemispherical absorption plotted as a function of wavelength in thin-film and 1D grat-
ing configurations; inset identifies the thin-film configuration
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Fig. 3.17 Normal incidence transmission at 1.55-pm wavelength plotted as a function of transla-
tion for three 1D grating structures; for reference transmission in air and through planar Si has also
been included

Highest absorption in 300-nm period is attributed to the absence of diffractive
losses. Comparable absorption in 300-500-nm region is likely due to waveguide
mechanisms. Higher absorption relative to planar film is a combination of oblique
diffractive coupling and physical waveguide mechanisms (physical optics). In order
to assess the diffractive and anti-reflection effects, normal incidence transmission
measurements were carried out at 1.55-pm wavelength. Figure 3.17 plots transmit-
ted signal as a function of translation across 10-mm width of the sample; transmis-
sion signal in air and planar Si has also been plotted for reference. Assuming 100%
transmission in air, it is possible to summarize transmission variations due to light
interactions at air/Si interface.

(i) Transmission through planar Si is ~73% due to 27% reflection loss.
(i1) Transmission through 1000-nm period 1D grating is ~57% due to 43% reflec-
tion loss.
(iii)) Transmission through 500-nm period 1D gratings is ~84% due to 16% reflec-
tion loss.
(iv) Transmission through 300-nm period 1D gratings is ~89% due to 11% reflec-
tion loss.

Figure 3.18 illustrates light interaction in terms of energy distribution into dif-
fraction orders. At 4 = 1.55-um, ratio A/d is >1 for grating periods in 0.3—1.0-pm
range; therefore, there are no energy losses to diffraction orders in air. The situation
inside Si is different due to its high refractive index. At 1-pm period, there are first
and second diffraction orders propagating at +25° and +57°, respectively. At 0.5-pm
period, there are two diffraction orders propagating at £57°; for 0.3-um period,
there are no diffraction orders. Therefore, highest transmission is observed for
smallest grating, albeit without any internal scattering and grating behaving as AR



3.5 Software Simulations Using GSOLVER™ 85

A=1550 nm A=1550 nm A=1550 nm
d; = 1000 nm d, = 500 nm d; = 300 nm
n=3.7 n=3.7 n=3.7
M(n*d) = 0.42 M(n*d) = 0.84 A(n*d) =1.4
d-| dz d3
¢ € - <>
Diffraction Angles Diffraction Angles
(a) ~ +°25° & +57° (b) ~ 457° (¢)  No Diffraction Angles

Fig. 3.18 Normal incidence transmission at 1.55-pm wavelength illustrated in terms of transmit-
ted diffraction orders for (a) 1000-nm, (b) 500-nm, and (¢) 300-nm period gratings

film. For the 0.5-pm period, transmission is only slightly lower due to the fact that
energy coupling at =1 diffraction orders propagating at 57° is negligible. However,
for the 1-um period, +1 diffraction orders propagating at 25°carry substantial
energy, thus accounting for substantial reduction in zero-order transmission. For
solar cells, large internal scattering is desirable in order to enhance absorption
through oblique scattering; therefore, grating periods should be comparable to light
wavelength.

3.5 Software Simulations Using GSOLVER™

Commercially available GSOLVER™ software has been used to validate light inter-
actions with subwavelength structures. Grating response was evaluated in terms of
diffractive and physical optics.

3.5.1 Diffractive Optics for Enhanced IR Absorption

A highly effective way of enhancing near-IR absorption in Si is based on oblique
coupling through diffraction. With suitable grating profile, transmitted light inside
Si is directed at oblique angles, while the coupling of light into the zero order is
significantly reduced. With the help of GSOLVER™ software, a wide range of 700-
nm period 1D grating structures was investigated including blazed and rectangular
profiles illustrated in Fig. 3.19. Simulations revealed that almost ~100% of the
energy can be transferred into transmitted diffraction orders inside Si as long as
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Fig. 3.19 One-
dimensional blazed (a) and
rectangular (b) profiles
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diffraction efficiency as a Blazed Profile
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Fig. 3.20 Diftraction efficiency, for 0.65-pm period blazed (left) and rectangular (right) 1D grat-
ings, plotted as a function of depth

propagation angle is <60° with respect to the surface normal. At higher propagation
angles, most of the energy was coupled back into the zero order. Figure 3.20 plots
energy distribution as a function of depth for blazed as well as triangular 1D grating
structures. Coupling efficiency into diffraction orders is a function of grating depth
with almost ~100% of the incident energy transfer into a transmitted orders at cer-
tain depths. This behavior is strongly dependent on incident polarization and grating
duty cycle.

In order to verify accuracy of simulations, Si gratings at 700-nm period were
etched with rectangular profiles and increasing depths. Figure 3.21a shows SEM
profile of rectangular profile grating etched to a depth of ~0.24 pm and linewidth
~0.32 pm. Figure 3.21b displays SEM profile of the same grating structure etched
to a depth of ~0.45 pm and linewidth ~0.35 pm. Figure 3.21c shows SEM profile
of the same grating etched to a depth of ~0.72 pm and linewidth ~0.37 pm.
Figure 3.22a plots normalized reflection measurements for TM-polarized light.
Overall reflection reduction as a function of etch depth is observed. For the 0.24-
pm depth sample, a slight cusp is seen at ~700-nm wavelength at which the first



3.5 Software Simulations Using GSOLVER™ 87

Fig. 3.21 SEM pictures of 700-nm period gratings etched in Si to depths of ~0.2 pm (a), ~0.4 pm
(b), and ~0.73 pm (c)
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Fig. 3.22 Zero-order TM (a) and TE (b) reflectance measurements of 700-nm period gratings
plotted as a function of wavelength for varying duty cycles and depths

diffraction order in air becomes evanescent. For the 0.45-um depth, a broad reso-
nance is seen in 650-850-nm region. For the 0.72-pm depth sample, broad reflec-
tion minima are observed at ~480 nm, 680 nm, 780 nm, and ~880 nm. Figure 3.22b
plots normalized reflection measurements for TE-polarized light. For the 0.24-pm
depth sample, a broad minimum in reflection is observed seen between 450 nm and
700 nm wavelengths. For the 0.45-um depth sample, reflection is almost zero at
~580 nm; in general reflection varies substantially with wavelength. For the 0.72-
pm depth sample, a number of reflection minima are observed in 400-800-nm
spectral range.

Grating reflection response was modeled based on profiles displayed in
Fig. 3.21. Figure 3.23 plots both TE and TM reflection measurements for a
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Fig. 3.23 Zero-order TM and TE calculated reflectance plotted as a function of wavelength for
220-nm (a), 400-nm (b), and 730 nm (c) gratings

220-nm deep grating at a linewidth of ~340 nm. Comparison with experimental
data reveals good agreement with TE-polarized reflectance; however, agreement
with TM reflectance is poor. For the 400-nm deep grating, experimental and
calculated reflectance matches poorly. For the 720-nm depth grating, agreement
between experimental and calculated reflectance results is poor. Reflectance
response is highly sensitive to linewidth and depth variations. Since these grat-
ings have structural variations, it is likely that measured reflection is a compos-
ite of multiple linewidths and depths. In general, trend towards waveguide type
resonances at deeper gratings matches well with experimental data.

3.5.2 Physical Optics for Enhanced IR Absorption

In shallow (<4/4) gratings, most of the energy is coupled out into diffraction orders.
As grating depth increases, grating structure accommodates larger number of wave-
guide modes. For deep (>>4) grating structures, each of the grating line may be
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considered as a symmetric waveguide supporting an increasing number of modes
determined by its linewidth and depth. Within grating structures, the optical absorp-
tion is, A,, given by

Absorption, A, =1-Y 'R, - T, (3.10)
i J

where the summation indices i and j include all the radiative and evanescent diffrac-
tion orders in air and Si. Figure 3.24 plots TE-polarized grating absorption as func-
tion of depth for the 0.7-pm period grating with 50% duty cycle at A = 1.0 pm. The
absorption variation with depth has been fitted using a quadratic polynomial
given by

A=A, +A *h+A *h*, @3.11)

where £ is grating depth, A, = —0.0057, A; = 0.0255, and A, = —0.0005. The absorp-
tion is a complicated function of depth and appears to increase very slowly for grat-
ing depths <15 pm, but for longer depths, the absorption increases linearly with A.

3.5.3 Physical Optics for Enhanced IR Absorption
in Thin Films

As Si PV technology transitions from wafer to thin films, incomplete optical absorp-
tion will limit solar cell performance. Application of physical optical approach
based on subwavelength 1D and 2D structures integrated with Si film thicknesses in

0.8
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0.3
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0.0

20 40 60 80
Grating Depth (um)

Fig. 3.24 Absorption in 0.7-pum period Si grating structure as a function of depth at A = 1.0 pm;
the red line represents a second-order polynomial fit to the calculated data
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~30-50 pm range was investigated. Figure 3.25 describes three thin-film configura-
tions employed for optical absorption calculations. One-dimensional gratings
exhibited significant absorption, although the response was polarization dependent.
Since the sunlight is unpolarized, 2D grating structures were used for simulations.
For all simulations, total thickness was kept fixed at 30 pm. For structures with an
underlying Si film on an Al substrate, the optical absorption is calculated for grating
depth plus thickness varying from O to 25 pm with the underlying film thickness
fixed at 5 pm. In subwavelength 2D grating calculations, it is critical that the calcu-
lation convergence is established. Solution convergence was investigated as a func-
tion of series summation indices up to ~20. Figure 3.26 plots convergence data for
the two optical configurations described in Fig. 3.25. Absorption results in Fig. 3.26
reveal that for 2D grating structure without underlying Si film (Fig. 3.25a), conver-
gence at 4 ~ 1.0 pm is not achieved until at least n = 20. For 2D grating structures
with an underlying Si film (Fig. 3.25c), convergence is achieved faster, i.e., for
n=10at 1~ 1.0 um. For all the calculations reported here, these numbers were used
for absorption calculations.

Optical Absorption as a Function of Depth

Figure 3.27 plots optical absorption as a function of wavelength for three grating
heights without (Fig. 3.25b) and with an underlying 5-pm-thick Si film (Fig. 3.25¢).
For both configurations, optical absorption increases rapidly for grating depth in
~0-10-pm range. At larger depths between 15 pm and 25 pm, absorption increase is
slow. Overall optical absorption is slightly higher with underlying Si film. For these
calculations, a 1.0-pm grating period with Si linewidth of 0.8 was employed.
Figure 3.28 plots the averaged optical absorption trend as a function of depth and
linewidth. For calculations as a function of depth; linewidth of 0.8 pm was used.
Similarly, for absorption calculations as a function of linewidth, grating depth was
kept fixed at 15 pm; for all calculations period was 1.0 pm.

Comparison of depth and linewidth measurements demonstrates the follow-
ing trends:

(i) Optical absorption increases rapidly for depths in 0- to 5-pm range.

Air
Si
(a) (b) (c) Si

Fig. 3.25 Thin-film configurations used for optical absorption calculations

Si-Thin Film
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(i1) Optical absorption remains relatively invariant in 5- to 25-pm range.

(iii) Optical absorption with underlying film is slightly higher.

(iv) Optical absorption increases rapidly with linewidth in 0-0.2-pm range, reach-
ing near-maximum values at linewidths ~0.6 pm.

These simulations illustrate that grating depth in ~5 to 10-pm range may be suf-
ficient to achieve complete optical absorption. This will mean substantial savings in
Si material and etching costs.

Optical Absorption as a Function of Period

Figure 3.29 plots absorption as a function of wavelength for periods in 0.5-pm to
10.0-pm range. At 10-um period, light interaction with periodic structures follows
geometric optics with diffraction orders propagating nearly normal to the surface;
lowest absorption is observed at this period. As period is reduced, absorption
increases rapidly; highest absorption is achieved at 0.5-um period. Comparison of
four grating periods shows that the 0.8-um period exhibits slightly higher absorp-
tion in 0.8—1.0-um range.

Optical Absorption as a Function of Profile

Optical absorption dependence on surface profiles was investigated. Two-
dimensional structures can either be in the form of post (Fig. 3.11b) or holes.
Figure 3.30 plots optical absorption of post and hole patterns. For the same 0.4-pm
Si linewidth, post patterns exhibit significantly higher absorptive response. Increase
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Optical Absorption
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Period=0.5pm
020 v v v n v v v vy " B

0.4 0.5 IO.6 IO.7I B I0.8I 0.9 1.0
Wavelength (um)

Fig. 3.29 Optical absorptions plotted as a function of wavelength for several grating periods with
an underlying Si film of 5-pm thickness. Grating depth of 25 pm and linewidth of 0.8 pm were
used for all calculations
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Fig. 3.30 Optical absorption in post and hole patterns plotted as a function of wavelength

in Si linewidth to 0.8 pm still leads to optical absorption lower than post pattern. In
addition, the post pattern exhibits higher absorption in near-IR range. For these
calculations, grating period was 1.0 pm, and underlying Si thickness was 5 pm with
grating depth of 25 pm.

Summary of Optical Absorption Calculations

GSOLVER™ simulations of subwavelength periodic structures exhibit significant
absorption enhancement in thin-film configurations. In order to compare optical
absorption in 1D and 2D structures, optical absorption is plotted as a function of
depth in Fig. 3.31 for three configurations in Fig. 3.25. The 2D grating structure
exhibits rapid increase in absorption to a depth of ~10 pm; further increase in depth
results only in slight absorption gain. For the composite structure, overall absorp-
tion for 2D structures is fairly independent of grating depth. In comparison with thin
film only, the 2D gratings lead to ~80-100% increase in absorption, and ~20-35%
increase relative to 1D gratings. The advantage of 2D gratings relative to 1D is bet-
ter illustrated in Fig. 3.32 where optical absorption is plotted for the same period 1D
and 2D gratings. For the 1D structure, the grating depth was 30 pm with an underly-
ing 20-pm-thick Si film. For the 2D structure, the grating depth was 10 pm with an
underlying 5-pm-thick Si film. Therefore, the optical absorption is significantly
higher in a 2D structure in a total thickness less than 1/3 of the 1D grating with an
underlying thin film.
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Fig. 3.31 Optical absorption plotted as a function of depth: (a) without an underlying film and (b)
with underlying Si film on an Al substrate; also plotted optical absorption in 50-pm-thick Si film
on an Al substrate
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Fig. 3.32 Optical absorption plotted as a function of wavelength. Notice that for the 15-pm thick-
ness with 2D grating structure, absorption is higher than the 50-pm-thick 1D grating structure;
absorption in 50-pm-thick Si film on an Al substrate is also plotted for reference

3.6 Measured Optical Absorption in Thin Films

Experimental absorption measurements were carried out in 10-pm-thick silicon film
in silicon-on-insulator (SOI) configuration [27]. Figure 3.33 illustrates three types
of textured surfaces: randomly textured (Fig. 3.33a), 20-pm period 2D hole pattern
etched to a depth of 10 pm (Fig. 3.33b), and 1-pm period 2D hole pattern etched to
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Fig. 3.33 SEM pictures of randomly textured subwavelength diffractive structures (a), 2D 20-pm
period (b) and 2D 1-pm period (c) structures; all were etched to a depth of 10 pm in SOI
configuration

@ ® ©

Fig. 3.34 Optical transmissions from 10-pm-thick Si films in planar (a), randomly textured (b),
and periodically etched (c) configurations

a depth of 10-pum-thick Si in insulator (SOI) configuration. In order to determine
optical absorption, planar and structured SOI substrates were attached to a glass
slide followed by etching of Si substrate from the backside to the buried oxide layer.
For optical absorption measurements, CCD camera and a monochromator-based
optical system were employed for qualitative and quantitative absorption measure-
ments. Figure 3.34 displays CCD images from planar (Fig. 3.34a), randomly tex-
tured (Fig. 3.34b), and 1-pm period, thru-etched (Fig. 3.34c) thin-film configurations.
Salient features of identical CCD image with three SOI configurations at the
entrance aperture are summarized below.

(i) Orange transmission from planar, 10-pm-thick Si film.
(i1) Translucent yellowish transmission from randomly textured 10-pm texture at
the top surface of 10-pm-thick Si film (Fig. 3.33a).
(iii)) Weak coherent transmission from 1-pm period, 2D grating pattern etched to
10-pm thickness (Fig. 3.33c).
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Fig. 3.35 Spectral transmission measurements from 10-pm-thick Si films in SOI configuration,
planar (pink line), 20-pm period 2D grating (green line), randomly textured front surface (blue
line), and 1-pm period 2D grating (brown line); for comparison system response in air is also plot-
ted as black line

Figure 3.35 plots normal incidence spectral absorption measurements for these
four optical transmission configurations; transmission in air has also been plotted
for reference. For all absorption measurements, halogen light source was coupled to
the entrance slit of a computer-controlled monochromator operating in 4 ~ 0.55-1.0-
pm range. Output of the monochromator was focused onto a Si photodetector, which
is plotted as a black line in Fig. 3.35, i.e., monochromator output in air. The artifacts
at A ~0.68 pm, 4 =0.8 pm, and 1 ~ 0.92 pm are system related. Measurements of Si
samples were carried out by placing them between the monochromator output and
Si photodetector. Figure 3.35 plots absorption measurements from planar (pink
line), Si film with 20-pum period 2D hole pattern (green line), front surface randomly
textured (blue line), and 1-pm period 2D hole pattern (brown line); all films were of
10-pm thickness. The inset in Fig. 3.35 plots absorption of randomly textured and
2D, I-pm period films at enlarged scale in order to identify spectral features.
Principal features of absorption measurements have been summarized below.

(i) Complete absorption for wavelengths below 600 nm except for 20-pum period.

(i1) 20-pm period patterned film exhibits a transmission response similar to planar
film except larger transmission in UV-visible range and slightly lower in
IR range.

(iii) Textured film exhibits broadband absorption.

(iv) 1-pm period, 2D pattern exhibits the highest broadband absorption.
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Optical absorption measurements are in good agreement with CCD images dis-
played in Fig. 3.34. Optical absorption is a function of light interactions based on
geometrical, diffractive, and physical optics. Randomly textured subwavelength
surface (Fig. 3.33a) creates a multiplicity of obliquely propagating transmitted dif-
fraction orders inside thin Si film to completely randomize incident coherent image
and also reduces transmission of normally propagating light. Deeply etched, 20-pm
period grating pattern (Fig. 3.33b) interacts with light based on geometrical optics,
and it maintains image coherence and transmits light below 600 nm on account of
its hole pattern. Deeply etched 1-pm period, subwavelength structure exhibits the
highest broadband absorption. These results are in good agreement with physical
optics-based absorption in grating structures described above.

3.7 Reflection and Absorption in Randomly
Textured Surfaces

Analysis of subwavelength periodic structures provides useful insights into light
interactions with Si surface. However, cost considerations discourage applications
of these structures in wafer-based solar cells; for thin films (<15 pm), these are
likely to prove beneficial. Randomly textured surfaces, described in Chap. 2, are
ideally suited for solar cells. A randomly textured surface supporting subwavelength
features is close approximation to a Lambertian surface. Lambertian analysis is
based on random scattering in a weakly absorptive medium such as Si in the near-IR
region where the effective optical absorption in a textured sheet (Fig. 3.36a) can be
enhanced by as much as a factor of 4n? relative to planar sheet, where n is the mate-
rial refractive index. In the optical scheme described in Fig. 3.36b, the presence of
random texture on sidewalls may be able to enhance absorption beyond the

e

0 \[Zz o X2

Fig. 3.36 Lambertian scattering within two parallel sheets (a) and within four sheets (b)
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theoretical limit of 4n? limit. This 4n? absorption enhancement has the effect of
improving the utilization of weakly absorbing photons near the band edge by the
ratio of ~55 with n ~3.7 for Si. This also means that the cell thickness can be reduced
by a factor of 55 while achieving the same absorption.

A randomly textured surface may be described by Fourier summation over a
large number of periods. Diffractive scattering from this multiplicity of periodic
structure ensures almost complete filling of the k-space. Angular distribution of
light incident normally on a random surface follows diffraction equation given by

0  =sin" m2. (3.12)
’ nd

where 0,, ; represents propagation of mth diffraction order related to period, d;, and
n is refractive index. For example, if a random texture is formed by combining four
periodic structures, the angular distribution of transmitted diffraction orders, calcu-
lated from Eq. 3.12, will be as shown in Table 3.1 for A = 1 pm. As period increases,
the number of diffraction orders increases with increasing angular separation. The
fraction of energy coupled into each diffraction order is a complex function of sev-
eral parameters including profiles and depths. Optical path length in geometrical
optics is simply the sum of number of passes through a thin film of thickness t. In
case of diffractive scattering, the optical path length for a single period is the sum
over the propagating transmitted diffraction orders given by

Lo = X (3.13)

where y; is fraction of incident energy coupled into diffraction order length, ..
For a normally propagating zero order, /, is identical to t, where 7 is the thickness of
the wafer. For a diffraction order, the optical path is #/cos,, ;, where 0,, ; is the angle
of propagation of the mth diffraction order corresponding to period, d;. For a random
subwavelength diffractive surface, the total optical path length is then summed over
all grating periods (7), each of which generates diffraction orders (j) given by

Lroa;iom = Z(yi,jli,j)‘ (3.14)

L]

Equation 3.14 suggests substantial path length enhancement in suitably designed
randomly textured surfaces in solar cells. Reducing reflection losses by a

Table 3.1 Angular distribution of transmitted diffraction orders inside Si

Grating period | (1) Orders (£2) Orders (£3) Orders (x4) Orders (5) Orders
(pm) (deg) (deg) (deg) (deg) (deg)

0.5 32.7 >90 >90 >90 >90

0.8 19.5 422 >90 >90 >90

1.0 15.8 32.7 54.2 >90 >90

1.5 10.5 21.2 32.7 46.1 65
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mechanism that can simultaneously enhance its near-IR absorption is the key to
boost solar cell efficiency [30]. Random RIE texturing methods offer the freedom to
tailor reflection over a broad range. Figure 3.37 plots hemispherical reflectance as a
function of wavelength for two textured surfaces; no AR films were applied to pla-
nar and textured surfaces. Scanning electron microscope profiles of textured sur-
faces in Fig. 3.38 reveal a broad distribution of linewidths, shapes, and depths.
Texture-1 (Fig. 3.38a) dimensions are typically ~1 pm with approximately cylindri-
cal profiles. In contrast, texture-2 (Fig. 3.38b) supports linewidths in ~50-300-nm
range with depths in ~100-500-nm range; profiles are approximately triangular.
Similar to the behavior observed for periodic surfaces, reflectance reduction is a
function of linewidths; nm-scale textures exhibit lower and pm-scale textures
exhibit higher reflectance. Analysis below and solar cell data will clarify that struc-
tures with lowest reflectance are not necessarily the best for enhancing efficiency.

Fig. 3.37 Absolute 70
hemispherical spectral r ]
reflectances plotted as a 60 F 4
function of wavelength for 19
textured surfaces; planar Si 50 F 15
reflectance is also included r ] "8'
for reference; no anti- r 1l &
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L 1 o
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Fig. 3.38 Scanning electron microscope profiles of texture-1 (a) and texture-2 (b); SEM length
scales are 1 pm for (a) and 0.1 pm for (b)
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3.8 Fourier Analysis of Randomly Textured Surfaces

In randomly textured surfaces, it is difficult to extract meaningful information on
spatial features. Fast Fourier transform (FFT) of randomly textured surfaces offers
a way to measure spatial features of a given image [31]. In contrast with SEM image
of the surface, its FFT generates a two-dimensional power spectrum. The power
spectrum is the modulus of the Fourier transform. Peaks in the power spectrum
represent the intensities of the frequency component in the data and appear as bright
dots on a dark background and vice versa. Figure 3.39 displays atomic force images
of two randomly textured surfaces. The FFT power images of the random surfaces
in Fig. 3.39 are displayed in Fig. 3.40.

As a calibration exercise, FFT analysis was applied to 1D and 2D Si grating
structures. The FFT power spectra images, of two 1D gratings in Fig. 3.41, are dis-
played in Fig. 3.42; their respective linescans are plotted in Fig. 3.43. It is noted that
as the spatial period increases, the separation between the central term and primary
peak decreases; the primary peak in the power spectra (Fig. 3.43) corresponds to the
period of the grating.

Figure 3.44 plots hemispherical reflectance measurements from three textures
defined by their SEM images and FFTs in Fig. 3.45. Lowest reflection is exhibited
by texture C and highest by texture A. Figures 3.46 and 3.47 plot power spectra of
all texture FFTs as a function of spatial frequency and period (Fig. 3.47). Texture C
exhibits the most uniform distribution with dimensions in 1-3-pm range at full
width at half maximum (FWHM); its spatial dimensions extend to ~0.6 pm. Texture
B exhibits asymmetric size distribution in 1-5-pm range. Texture A exhibits a broad
asymmetric maximum at ~2.5 pm; it has the largest spatial dimensions. Presence of
finer features in textures B in comparison with texture C accounts for its slightly

Fig. 3.39 Atomic force images of texture-1 (a) and texture-2 (b)
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Fig. 3.42 FFT images of 0.27-pm period (a) and 0.4-pm period (b) 1D gratings
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Fig. 3.43 Two-dimensional power density plots of the FFT images shown in Fig. 3.42

lower reflectance in short wavelength region. Presence of larger features in texture
B results in higher reflectance than texture C in most of the visible region. Texture
A exhibits larger features, hence its highest reflectance in UV-VIS region. All three
textures have identical response in IR region. Higher reflectance in 1000—1200-nm
spectral region is light above the bandgap.

3.9 Reflection and Absorption in 50-100-pm-Thick Films

Figure 3.48 plots hemispherical reflectance measurements from SiN-coated planar
and randomly textured thin (~100 pm) Si wafers. Averaged reflectance was ~6% for
textured and 14% for planar surfaces, respectively. The textured surface exhibits
lower reflectance in most of the spectral region. The textured wafer exhibits
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Fig. 3.44 Hemispherical reflectance measurements plotted as a function of wavelengths for three
randomly textured surfaces; all surfaces were coated with SiN film

Fig. 3.45 SEMs and FFTs of profiles of three textures in Fig. 3.44: (a) Texture A, (b) Texture B,
and (c¢) Texture C

substantially higher absorption in the IR region. Solar cell performance from this
texture will be presented in Chaps. 5 and 6.

Figure 3.49 displays hemispherical reflectance measurements from 25- to
50-pm-thin planar (Fig. 3.49a)-textured (Fig. 3.49b) films [28]. SEM profiles of the
textured surfaces in Fig. 3.49c reveal distribution of surface features in ~0.5-2.0-pm
range. The vertical scale for both the planar and textured measurements is the same.
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Reflection reduction by ~1000 is observed in UV-VIS-NIR regions. It is noted that
for the 25-pm-thick Si films, most of the light is reflected in ~1000—1200-nm spec-
tral region where Si absorption becomes almost zero. The same behavior is not
observed from 50-pm-thick films. This is attributed to the substrate bulk doping
variations. The substrate for 25-um films was from lightly (~5 ohm-cm) boron-
doped Si, while 50-pm-thick film was from heavily doped (~0.002 ohm-cm) Si
wafer. Almost 100% absorption has been achieved even for 25-pm-thick film.

3.10 Optical Transmission

Hemispherical reflection measurements provide reflectance information through
most of the UV-VIS-IR region; however, there is insufficient information near the
bandgap where the texture impact is most critical. Most of the incident light is
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Fig. 3.48 Hemispherical reflection in 100-pum-thick n-type c-Si films; backside was metallized
with thermally annealed Al paste; inset shows SEM pictures of the textured surface and completed
solar cell with top Ag and bottom Al-cured screen-printed contacts
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Fig. 3.49 Hemispherical reflectance measurements plotted versus wavelength for planar (a) and
textured (b) films, also shown is microstructure of the textured surface (c¢)

absorbed in Si for wavelengths less than 900 nm. At longer wavelengths, light
absorption is weak and texture plays a critical role. Figure 3.50 describes system
schematic for spectral transmission measurements over broad spectral range [32].
Optical transmission system is based on computer-controlled diffraction grating in
750-1600-nm spectral range. Transmitted light passes through sample and is col-
lected by an InGaAs photodetector. In a typical measurement, transmitted signal is
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measured as a function of wavelength; relative calibration is provided by compari-
son with transmission in air and through sample. Transmission through a wafer will
be a function of its texture and bulk resistivity. Figure 3.51 plots transmission mea-
surement in air and through calibrated narrowband optical filters. The peak trans-
mission wavelengths are in excellent agreement with filter specifications. This
system was used to investigate transmission through Si wafers with varying textures
and AR films. Figure 3.52a plots spectral transmission from planar (SiO,/Si) and
textured (SiN/mc-Si) wafers as a function of wavelength in 750-1200-nm range.
The transmission signal variation has been plotted on logarithmic scale. Textured
surface transmission is observed to be significantly lower than planar surface across
the entire wavelength range. The textured surface profile, illustrated in Fig. 3.52b,
exhibits large (~2-5 pm) features typical of nitric acid-based texturing.

Figure 3.53 plots spectral transmission from textured surfaces, i.e., wet-
chemically textured surface with minimal reflectance (black Si) and SiN/mc-Si sur-
face; transmitted data has been plotted on both linear and logarithmic scales. The
transmission through black Si surface is significantly lower than the SiN/mc-Si sur-
face. This is better illustrated in Fig. 3.54 by plotting the ratio of the transmission
signal from the two wafers. The transmission in black Si is reduced by a factor of
~10 at 1000 nm, ~40 at 1200 nm, and ~100 at 1600 nm. The black Si has been wet-
chemically textured with surface features similar to those illustrated in Figs. 3.45¢
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Fig. 3.53 Optical transmission comparison as a function of wavelength for SiN- and SiO,-coated
textured wafers

and 3.49c; hence, diffractive coupling based on pyramidal features is far more effec-
tive than the acidic texture.

3.11 Lifetime and Surface Recombination
Velocity Characterization

Limiting efficiency of a solar cell is largely determined by two wafer parameters:
bulk lifetime and surface recombination velocity [33]. Software simulations in
Chap. 1 illustrated sensitive dependence on lifetime and surface passivation in order
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Fig. 3.55 Physical mechanisms for wafer and solar cell characterization approaches aimed at
evaluation of lifetime and surface recombination velocity

to achieve efficiency consistent with wafer specifications. Generally available meth-
ods for lifetime and surface recombination velocity measurements are described in
Fig. 3.55. Response of either the wafer or solar cell is determined by studying its
absorption or conversely emission of light. Response to absorption is a function of
physical characteristics of incident light including temporal, spectral, and intensity
parameters. With pulse light sources such as lasers or flash lamps, transient photo-
conductive decay (PCD) response of the semiconductor response is measured to
calculate its lifetime. In case of steady-state light sources, surface photovoltage
(SPV) of the semiconductor is measured to calculate its minority carrier diffu-
sion length.

Emission of light is broadly characterized into two categories: bandgap and sub-
bandgap. Bandgap is light emitted by semiconductor, i.e., it photoluminescence,
based on its characteristic bandgap value (1.13 pm for Si). Sub-bandgap radiation is
a function of impurity-based defects. Typical PL measurement requires excitation in
either steady-state or pulse mode and detection of emitted light with charge coupled
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device (CCD) cameras. These methods allow large-area spatial mapping; however,
significant signal processing is needed in order to extract meaningful information.
The electroluminescence (EL) measurement is based on forward-biased electrical
excitation of the semiconductor device. In Si solar cells, current densities are typical
of its operation under sunlight.

All of these methods are generally effective with respective strengths and weak-
nesses. As a general rule, practice of any given method is a function of several
conditions including cost, speed, expertise, and need. In view of author’s expertise
in SPV instrumentation, SPV analysis, supported with experimental data, is pre-
sented for silicon wafers as a function of texture and surface states. Adequate back-
ground with relevant references is provided for all other methods.

3.11.1 Photoconductive Decay Method

Exponential decay of photo-generated excess carriers in a semiconductor is given by
n(t)=nyexp(—t/ty), (3.15)

where ny is carrier concentration at = 0 and 7 is defined by
1/t,=1/t,+Dp’, (3.16)
where f3 is the bulk lifetime and relationship of  to D and temperature 7'is given by
ﬁtan(ﬁT/2)=Sr/D, (3.17)

where D is the diffusion coefficient and S, is surface recombination velocity; for
detailed mathematical formalism, please see references for background [34-38].
Equation 3.16 reveals that the measured lifetime in a semiconductor is a combina-
tion of bulk lifetime and surface recombination velocity-based time constant.
Therefore, this method would work particularly well for (a) short lifetime for which
excess carriers recombine before reaching the surface and (b) negligible surface
recombination velocity. The first condition eliminates surfaces and, if that is not
possible, the second condition ensures high-quality surface passivation.

Lifetime measurement in photoconductive decay (PCD) method is based on mea-
suring photoconductive transient response (Fig. 3.56). As laser-generated excess car-
riers diffuse to the surface, photoconductive-based reflection modulation is detected
with microwave signal. Measurement resolution limits are established by microwave
equipment and incident pulsed laser. A variation of this method is quasi-state photo-
conductance in which laser is replaced by flash lamp with pulse duration in millisec-
ond range. This method is able to measure lifetime over a broad range.
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Fig. 3.56 Photoconductive approach to lifetime measurement with incident pulsed radiation on
semiconductor wafer coupled to the microwave cavity (a) and its transient conductivity variation
with time to measure lifetime (b)

3.11.2 Surface Photovoltage Method

Surface photovoltage (SPV) method is based on Goodman’s formalism developed
for diffusion length measurements in semiconductors [39]. Light incident on a
semiconductor creates electron-hole pairs, which diffuse to the surface under the
influence of electric field due to depletion region at the surface. The presence of
these excess carriers in the depletion region at the surface creates the surface photo-
voltage effect. The distance excess minority carrier travel before recombination is
the diffusion length. The surface photovoltage method works under steady-state
conditions to measure minority carrier diffusion lengths at injection levels that are
five to six orders of magnitude lower than PCD. A detailed description of SPV for-
malism has been provided in references [40—45].
Exponential absorption of incident light inside a semiconductor is given by

¢(x) =@ e, (3.18)
where a is the absorption coefficient of the semiconductor and ¢, is given by

b = (1= R)ny. (3.19)

where R is the surface reflectance, 7 is the quantum efficiency, and ¢, is the photon
flux at the semiconductor surface. In order to apply Goodman’s SPV model to
p-type semiconductor with hole density p, electron density n, excess carrier density
An, wafer thickness ¢, depletion length width L,,, and diffusion length L, the follow-
ing conditions must be satisfied:

i) p>>n

(1) p>>An
@iii) t>> la>>L,
v) t>>Ly>> L,
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Under these conditions, the relationship between photon flux and surface photovolt-
age is given by

B | Vipy < L, +1/ 1. (3.20)

A plot of ¢/ Vspy versus 1/a in Eq. 3.20 will intersect at x = —L, =, i.e., the diffusion
length of the semiconductor. Given the resistivity of the semiconductor, the minor-
ity lifetime 7 is determined by the relationship

t=Ld* /D, 3.21)

where D is the diffusion coefficient of the semiconductor.

Surface photovoltage, Vspy, is measured by two methods: method A, or the con-
stant voltage approach, in which ¢, is measured at constant Vspy, and method B, in
which AVgpy is measured as a function of 1/a at constant flux. Method B has been
extensively used due to its faster data acquisition and simplicity since once cali-
brated, no further flux measurements are required. Figure 3.57a plots absorption
depth in Si as a function of wavelength [1]. It is noted that Si exhibits strong absorp-
tion through most of the UV-near-IR region. As wavelengths approach closer to the
bandgap, light absorption is poor requiring large wafer thicknesses to achieve com-
plete absorption. In practice, 1/Vspy is experimentally measured as a function of
wavelength at constant flux and plotted as a function of 1/a as described in Fig. 3.57a.
At longer wavelengths, absorption depth increases, while Vspy decreases due to lon-
ger diffusion lengths, resulting linear response is curve-fitted, and the graph inter-
section at x = 0 yields minority carrier diffusion length.

AFORS-HET numerical software for solar cell and measurements has been used
to simulate Vspy as a function of wavelength [46]. Figures 3.58, 3.59 and 3.60 dis-
play software screens and wafer configurations employed for calculations. The
main screen (Fig. 3.58a) describes all the available calculation options; only
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Fig. 3.57 Plot of light absorption depth in Si as a function of wavelength (a) and determination of
diffusion by plotting 1/Vspy as a function of 1/a (b); intersection of the graph at the x-axis yields L,
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Fig. 3.60 Doping profiles and bandgaps for three measurement configurations in Fig. 3.59:
p-wafer (a), a-Si(p) layer on p-Si wafer, and n-diffused layer on p wafer (c)
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Fig. 3.61 Surface photovoltage variation as a function of wavelength for surface variations
described in Figs. 3.59 and 3.60; for all the simulations, wafer doping was 1.5E16 and recombina-
tion velocity was 1 cm/s

wavelength-dependent option, highlighted by a red border, was selected. Wafer con-
figurations chosen for Vgpy calculations, as described in Fig. 3.59, are meant to
exhibit its sensitivity as a function of surface and bulk parameters. Figure 3.60
describes material parameters for Si (p) wafer (Fig. 3.60a), a-Si(p) surface passiv-
ation layer (Fig. 3.60b), and n-Si emitter layer (Fig. 3.60c). Based on these param-
eters, Vgpy variation as a function of wavelength is plotted in Fig. 3.61 for all three
configurations; logarithmic scale has been used for Vgpy. It is noted that Vgpy signal
is extremely sensitive to surface conditions exhibiting several orders of magnitude
variation as a-Si(p) and n-emitter layers are added to the front surface of Si(p) wafer.
The Vspy response as a function of wavelength is relatively flat in UV-VIS spectral
regions and decreases rapidly for wavelengths reaching Si bandgap. The simula-
tions in Fig. 3.61 reveal extreme sensitivity of the SPV method to surface condi-
tions. Figure 3.62 plots Vgpy variation as a function of wafer doping level for three
wavelengths in VIS-IR range. Vspy signal decreases in logarithmic manner at high
doping levels; typical solar cell wafers have a doping level of ~1.5E16 cm~ range.
Wafer doping level is related to lifetime [34]; therefore, Vgpy variation is indirectly
related to lifetime by plotting Vgpy as a function of lifetime in Fig. 3.63. It is noted
that Vgpy increases linearly with lifetime at lower values and saturates at large life-
time values; wafers used for high-efficiency back-contact solar cells require life-
times ~1000-10000 ps. These AFORS simulations of SPV reaffirm sensitivity of
the approach to surface passivation and lifetime.

3.11.3 Bandgap Photo- and Electroluminescence Methods

Crystalline Si is an indirect bandgap semiconductor with bandgap at 1150 nm; its
bandgap emission efficiency is poor and strongly dependent on surface passivation
and lifetime. Spatially resolved bandgap photoluminescence (PL) has long been
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identified by researchers as a reliable process monitoring tool in photovoltaics
research [47-53]. With the advent of advanced charge coupled device (CCD) cam-
eras based on Si and InGaAs combined with advanced real-time image processing,
spatial PL imaging has become an important process characterization instrument for
silicon wafers and solar cells. Assuming negligible absorption within Si, PL inten-
sity is a function of photo-generated electron-hole pairs across wafer thickness
given by

I, =C.N,.An, (3.22)

where C is the process-dependent constant, Ny, is the doping concentration, and An
is the local minority carrier concentration [54]. Under steady-state excitation condi-
tions, the effective minority carrier lifetime is determined by

. =An/G, (3.23)

where G is the average minority carrier generation per unit volume. In a typical PL
image from a single or multicrystalline Si wafer; intensity fluctuations reflect spatial
surface defects. If instead of optical excitation, solar cell is electrically excited, i.e.,
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Fig. 3.64 PL intensity variation with (a) doping and (b) surface recombination velocity (b)

solar cell operating in forward bias, it also emits radiation at its bandgap known as
electroluminescence (EL) [55]. This EL radiation is measured using either cooled Si
CCD or InGaAs CCD cameras to provide both spectral and spatial information.
Images of EL from a Si solar cell are acquired under forward bias at 40 mA/cm?
current density, which is close to the actual operation of the solar cell under sunny
conditions [56-58].

AFORS-HET software has been used to evaluate PL efficiency as a function of
wafer parameters. Figure 3.64a plots PL signal for two p-type wafer densities with
insignificant variation. At higher doping levels, PL signal is not detectable.
Figure 3.64b plots PL signal intensity as a function of surface recombination veloc-
ity. There is insignificant variation in PL intensity for low recombination velocities
(up to ~1E7 cm/s); however, at higher recombination velocities, signal rapidly
decreases by three orders of magnitude. PL signal measurements require sensitive
CCD cameras and are generally more applicable to high lifetime wafers.

3.11.4 Sub-band Photoluminescence

In addition to bandgap imaging, wafer lifetime is also characterized by detecting
sub-bandgap emissions in ~1.3-25-pm range. In the transient approach, incident
pulsed laser and its transient response is detected to determine lifetime and recom-
bination velocity. Infrared lifetime imaging (ILM) is a steady-state approach in
which transmission of IR light is measured in response to bandgap excitation; this
method is also known as carrier density imaging. In this approach, optical excitation
changes absorption coefficient which is detected either in transient or steady-state
modes to determine lifetime [59-61].
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3.12 Diffusion Length Measurements
with Surface Photovoltage

In this section, application of surface voltage method to determine diffusion lengths
and lifetimes will be presented starting with experimental configuration, extraction
of diffusion length from experimental data, measurement resolution, and a quantita-
tive evaluation of surface recombination velocity.

3.12.1 Experimental Apparatus

Figure 3.65 describes experimental configuration devised for surface photovoltage
measurements. Light from a quartz halogen lamp is collimated to pass through a
stepper-motor-controlled monochromator operating in 400—1200-nm spectral range
[62]. Spectrally distributed light output from the monochromator passes through an
optical chopper and is incident on the wafer using a folding mirror. The wafer is
placed on Au-plated wafer holder with an Au-ITO/quartz plate on its top side. The
surface photovoltage is detected capacitively using lock-in amplifier which uses as
input the Vgpy signal from the wafer assembly, reference from the chopper is con-
nected to the lock-in amplifier, and its output is connected to the computer. The
entire assembly is placed in a black box. The surface photovoltage is measured as a
function of wavelength using LabVIEW-based control software.

This system allows SPV measurements in UV-VIS-IR spectral regions.
Measurements in UV (~400-500 nm) region are useful for evaluation of surface
effects including surface recombination velocity; measurements in visible region
are comparatively less sensitive. For diffusion length measurements, spectral range

“hoppe “olli
Chopper Mono- Collimator

Chromator

Mirror I_- /

1:“’
Ito/Au . /
quartz plate Stepper
i Motor
I di
Waler Holder
Lock-in Amplifier Computer

Fig. 3.65 Experimental configuration designed for surface photovoltage measurements
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in 950-1050-nm region, with absorption depths in ~64—-600-pm range, was selected
to minimize impact of surface defects. In this 100-nm wavelength range, photon
flux is assumed to be constant.

3.12.2 Surface Photovoltage Measurements on Silicon Wafers

Figure 3.66 describes measurement methodology. Surface photovoltage is mea-
sured in 950-1050-nm spectral range, absorption depth for this wavelength range is
used from literature [1], and 1/ is plotted versus 1/Vgspy. A linear squares fit is
applied to the measured data, and L, is given by intersection of the graph at y = 0;
for diffusion length measurements, R> was in 0.98-0.99 range. With measured dif-
fusion length, L4, for known wafer resistivity, minority carrier lifetime, z, is calcu-
lated from Eq. 3.21; plot of 7 as a function of L, in Fig. 3.67 for wafer diffusivity of
27 cm?/s exhibits linear response. For relatively low lifetime wafers in ~10-20-psec
range, diffusion lengths are in ~170-230-pm range.

In the low-injection regime, Vspy varies over a wide range measureable with the
lock-in amplifier. Figure 3.68 plots measured Vgpy signal for lock-in scale in 1-pv to
10-mV range; below 1-pV signal was noisy. The Vspy measurements were consis-
tent over almost five orders of magnitude indicating sensitivity of this method; sig-
nal variation is largely attributed to lifetime and surface passivation. In order to
evaluate dependence of diffusion length on SPV signal strength, diffusion lengths
measured from a wide range of samples were plotted as a function of Vipy intensity
(Fig. 3.69). The measured data exhibits relatively flat response; solid line is indica-
tive of poor fit. The experiment suggests that extraction of diffusion length measure-
ment is relatively invariant with strength of the surface photovoltage signal.
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Fig. 3.66 Surface photovoltage approach to diffusion length measurements: (a) Vspy data as a
function of wavelength, (b) data for 1/a and 1/Vspy, and plot of 1/a versus 1/Vgpy including linear
squares fit
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SPV measurement resolution is illustrated in Fig. 3.70 for poor and high lifetime
wafers with diffusion lengths up to 400-um range; longer diffusion length measure-
ment can also be measured. Influence of surface texture and emitter on diffusion
lengths was also investigated. Figure 3.71 plots Ly measurements from p-type
wafers after saw damage removal and subsequent alkaline texturing. Randomly tex-
tured surface exhibits a doubling of lifetime due to enhanced internal scattering and
e-h pair generation. Similar measurements were carried out on POCI;-diffused
wafers with phosphorous-doped oxide layer (Fig. 3.72). Similar behavior was
observed with higher diffusion lengths. This method has also been used to evaluate
surface passivation by plotting ratio of Vgpy signal before and after HF and boiling
H,O surface treatments (Fig. 3.73). Due to strong Si absorption at short wave-
lengths, Vspy signal is expected to be a strong function of surface defects. Both HF
and H,O surface treatments are well-known for H-terminated passivation of Si
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Fig. 3.69 Plot of diffusion lengths as a function of surface photovoltage intensity
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Fig. 3.70 Diffusion length measurements in ~1-400-um range with acceptable R? values
(~0.98-0.99)
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Fig. 3.72 Diffusion length measurements from p-type Si after POCI; diffusion and in situ
phosphorous-doped SiO, on planar (L; ~ 100 pm) and textured (Ly ~ 260 pm) wafers
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Fig. 3.73 Ratio of Vgpy signal after HF (a) and H,O (b) surface treatments exhibiting formation of
high-quality H-terminated surfaces resulting in reduction of surface recombination velocities

surfaces, which explains large signal enhancement due to reduced surface recombi-
nation velocity [62—64].

The surface photovoltage approach has been demonstrated to be highly effective
in characterization of both low- and high-quality Si wafers with lifetimes in ~1-400-
pm range. Application of this method in UV-VIS range has been identified as a
sensitive tool for surface passivation quality and recombination velocity. Finally, the
measured Ly values were consistent with ~14—18% efficiency solar cells investi-
gated in this study.
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Chapter 4
Metallization in Solar Cell

Formation of ohmic metal contacts to diffused and non-diffused Si wafers is per-
haps the single most critical process in solar cell fabrication; it is also the final step.
Figure 4.1 illustrates a broad range of solar cell metallization schemes classified in
terms of processing temperature; three major categories are identified below.

Low Temperature

Lowest process temperature (< 200 °C) is based on the elegant HIT solar cell con-
cept described in Chap. 1. The metal contact is formed with conductive and trans-
parent thin ITO films on doped a-Si/c-Si interfaces. Thicker metallization for
extracting current is provided with low temperature electroplating or polymer-based
conductive pastes. ITO contacts on p-type c-Si have also exhibited promising results
[1]. While ITO approach to metallization is attractive, it requires vacuum equipment
and is considerably more expensive than the screen-printed contact.

Low and High Temperatures

This is a hybrid approach in which one of the contacts, usually the rear surface, is
formed at high temperature, while the second contact is based on thin metal-silicide
interface film formed at ~ 400 °C from among a broad range of metals including Ni,
W, Mo, Pt, Pd, Ti, and Ag; subsequent thicker metallization is usually based on Cu
or Ag electroplating [2]. In most cases, the metal-silicide process requires vacuum
processing with some exception such as electroless Ni deposition [3].

High Temperature

This metallization scheme is based on high temperature annealing of screen-printed
metal contacts and is the least expensive and most widely used method in the indus-
try [4]. High temperature screen-printed metallization is the primary focus of this
chapter.

In order to describe metal/Si interfaces, it is useful to review wafer resistance and
metal contact resistivity measurements including relevant analytical formalisms.
Accordingly, the rest of this chapter has been divided into the following
subsections:
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|— METALLIZATION IN SOLAR CELLS

LOW TEMPERATURE HIGH TEMPERATURE

LOW AND HIGH TEMPERATURES

Fig. 4.1 Classification of metallization in solar cells in terms of process temperature

(i) Resistance Measurements in Si Wafers

(i) Metal/Si Contact Resistivity Measurements
(iii) Geometric and Thermal Annealing Measurement Configurations
(iv) Screen-Printed Al/Si Metallization

(v) Screen-Printed Ag/Si Metallization

All the five topics are described in extensive detail below.

4.1 Resistance Measurements in Si Wafers

The resistivity, p (ohm-cm), and dopant concentration, N (atoms/cm?), in Si a wafer
are related by [5]
p:(Ne’u)il, “4.1)
where e is the electronic charge (A-sec) and y the majority carrier mobility (cm?%
(V sec)). In Si solar cells, N is generally ~ 5SE15/cm?, p is ~ 1000, and e = 1.6E-19
giving p of ~1.25 ohm-cm. Therefore, measurement of wafer resistivity determines
its dopant concentration.

The resistance of any material with geometry of a rectangular block (Fig. 4.2a)
is defined by

R=p—, (4.2)

where p is the resistivity of the material. With L as the length, and A the cross-
sectional area (WxH), Eq. 4.2 is rewritten as

L
_ —r L
R=p——=R,, A‘, 4.3)

with Ry defined by

Ry, = %1' (4.4)
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For thin conducting layer on a wafer with thickness H = T (Fig. 4.2b), the resis-

tivity is then simply given by
p=R,T. 4.5)

In Eq. 4.5, the sheet resistance is often defined in terms of Q/square ([]) since
from Eq. 4.3, R = Rgy for L = W, i.e., for a square block.

A simple two-point measurement is ineffective when the resistance of the probe/
sample interface is comparable to the sample itself; therefore, separate probes are
used to measure voltage and current in order to accurately determine resistance.
Figure 4.3a illustrates a typical four-point probe system for sheet resistance mea-
surements [6]. The four probes are equally spaced tungsten metal tips supported by
springs at the other end to minimize damage during measurement with typical spac-
ings of ~ 1 mm. Figure 4.3b describes schematic for measurements in which two
voltage probes (2 and 3) are used to measure voltage across the semiconductor as
current is passed through it through external probes (1 and 4). This method is used
to measure resistivity of bulk and thin samples based on simple mathematical for-
mulism described below.

In case of bulk samples with thickness and areal dimensions far larger than the
probe spacing, current flow is across a semispherical surface. The differential resis-
tance dR=pdx/A, integrated over this surface between two inner probes, is given by

W

L

Fig. 4.2 Resistance calculations for (a) square block (a) and thin sheet (b)

| Volt meter|
m v2 Lead Pair B
Source
(a) U (b) Lead Pair A
Volt Meter

Voltmeter

Current |
Source |

Metallized
Wafer

Fig. 4.3 Concept of the four-point probe system (a) and its circuit schematic for Rgy measure-
ments (b)
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x2
R=jpdx/2nx2=p/2n . =pl2n L (4.6)
X 2s

xl

For the probes, the resistance R is V/(2I) due to superposition of current at two
tips; thus, the resistivity for a bulk ample is given by

p= 27TS¥, “4.7)

is a function of spacing between probe tips.

For the case of thin sheet with probe spacing far larger than the material thick-
ness (t), current flow is in a circular ring with cross-sectional surface area A = 2nx*T,
and differential resistance is then given by

x2
_ _p x_ P
R_jpdx/znxT_z—mln(x)s = In(2). 4.8)

x1
From the relationship between Rgy and thickness in Eq. 4.5, Eq. 4.8 can be
rewritten as

:kz

R —45324Y. (4.9)
1 I

SH

Equation 4.10 represents the general expression for four-point probe measure-
ments with the geometrical k = n/ In (2) = 4.5324.

Measurement system described in Fig. 4.3 has been used to determine sheet
resistance of processed Si wafers; typical Rgy values have been summarized in
Table 4.1. For lightly doped, n- and p-type wafers, current and voltages are low due
to high resistance. By multiplying Rgy values with wafer thickness of T = 0.02 cm
(Eq. 4.5), respective measured resistivity values of ~ 5.4 and 2.4 Q-cm are in good
agreement with wafer specifications provided by the manufacturer. Following n-
and p-type diffusions, both current and voltage increases follow Ohm’s law reflect-
ing substantial reduction in resistance of doped thin layers; the system is able to
measure [TO film sheet resistance.

Table 4.1 Representative Rgy measurements

Configuration Voltage (mV) Current (mA) RsuQY/square
n-Si wafer 14.0 0.234 271.0
p-Si wafer 18.0 0.69 118.2
n/p Si wafer 74.7 5.83 58.0
n*/p Si wafer 48.5 6.24 35.2
n**/p Si wafer 26.0 7.85 15.0
p*/p Si 31.0 6.85 20.5
ITO film on Si 27.0 6.53 18.7
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4.2 Resistivity Measurements of Metal/Si Interface

Metal/Si interface resistivity is inherently difficult to measure accurately due to its
sensitive dependence on geometrical and physical parameters. Figure 4.4 describes
three ubiquitous metal/Si interfaces in solar cell and integrated circuit applications.
In Fig. 4.4a, high temperature interaction between metal and Si results in the forma-
tion of metal/Si alloyed region underneath the metal. A good example of this type of
contact is Al/Si interface. Figure 4.4b represents a case in which the metal reacts
with diffused Si region. Metal/Si interaction can be at lower temperature to form
silicide followed by thickening with electroplating, or it can be tailored into a single
high temperature process to form an ohmic contact such as the Ag/n*-Si screen-
printed contact. The configuration in Fig. 4.4c represents an abrupt interface
between metal and Si surface. A good example of this configuration is the interface
between conductive thin films and Si wafers.

The contact resistivity formalism described here is based on extensive literature
on semiconductor physics and devices; the author has relied mostly on references
[6-12]. The current flow across metal/Si interface is a function of the depletion
region inside Si; which it is dominated by two parameters:

(i) Thermionic emission (TE) in which electrons jump across the wide depletion
region that is reduced because of the metal-induced image force.

(i1) Field emission (FE) in which electrons tunnel through a narrow depletion
region formed by high doping at the semiconductor surface; FE is the preferred
conduction mode in semiconductors.

Relative strength of these two carrier transport mechanisms is a function of sev-
eral parameters including metal, temperature, doping density, dielectric constant,
and electronic charge. The tunneling probability is defined by

1
Eo=q—h[ N T, (4.10)
2 | me

where ¢ is the electronic charge, / the Planck’s constant, N the doping concentration,
and m" the effective mass of tunneling carriers. In case of metal/Si Schottky barrier,

BT

(a) Wafer (b) Wafer (0 Wafer

Fig. 4.4 Typical metal/Si interfaces in solar cells, microelectronics, and optoelectronics
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—>1, 4.11
Z (4.11)

0

with carrier transport based primarily on thermionic emission and K7 represent-
ing the mean free path length of the carrier; K is the Boltzmann constant. For ohmic
contacts, the carrier transport is primarily based on field emission with

LN 4.12)

0

either at very low temperatures or high doping densities. Based on semiconduc-
tor carrier transport equations, the contact resistivity is defined approximately as

p Nexp LBE' s
E, coth(KOTj
(4.13)

for both TE and FE cases and @ ; 18 an effective barrier potential at the metal/semi-
conductor interface and illustrated in Fig. 4.5 for all three cases.

By extrapolating behavior of the coth function in Eq. 4.13, functional form for
contact resistivity for both TE and FE cases can be determined:

Ey Ey

E ekl e KT
coth [K_;"] = ﬁ (414)
KT _ o KT

E
In the TE case, K_;" < 1, therefore, using Taylor expansion for exponential func-

tions in Eq. 4.14, coth function is reduced to

Fig. 4.5 Semiconductor carrier transport mechanisms for metal/n-semiconductor interface for
three cases: (a) thermionic emission, (b) thermionic and field emission, and (c) field emission.
Note that the barrier height has been reduced from its original value of g 5 to g p due to image
force lowering
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1 E
— " K_;" (4.15)
coth| —2%
KT
Therefore, for the TE case, contact resistivity is approximated by
af
Pre ~ €Xp [K_;] .
(4.16)

E
In the FE case, —= > 1, Eq. 4.14 is simply reduced to 1; therefore, the resistiv-

ity is given by
Qﬂ/B
~exp| — |.
Pre P[ E, }

Therefore, neglecting temperature and tunneling effective mass, the contact
resistivity is reduced by increasing doping concentration for FE case (Eq. 4.17) and
reducing barrier height for TE case (Eq. 4.16).

(4.17)

4.2.1 Resistivity Measurements in Vertical Configuration

Figure 4.6a illustrates vertical contact configuration for equipotential metal/semi-
conductor interfaces for uniform current flow between points A and B. In this con-
figuration, the total resistance, Ry is given by

R, =R, +Ry. +R; +R,, + RBM, (4.18)

where R4, R4y and Rye, Ry, are contact and metal resistances at interfaces A and
B, respectively, and Rg; is the semiconductor (Si) resistance. In most practical cases,
Ray = Rpy = Ry < Ruc, Rpe and Rg; therefore, in case of identical metals at both
interfaces, Eq. 4.18 can be rewritten as

R, =2R. +R,. (4.19)

With the expression for Ry; given by Eq. 4.3, for R is rewritten as

1 L
R. = E(RT ~Ry, WJ' (4.20)
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For the vertical contact resistor configuration in Fig. 4.6a, the contact resis-
tivity is simply Rc*A. Figure 4.7 plots current-voltage (I-V) response of identi-
cal 1 x 1 cm?-area Al/Si contacts on 200-pm-thick, 1-ohm-cm, p-doped Si wafer.
The total resistance of ~ 0.5 Q from the slope of the I-V response is in good

agreement for this type of contact. From Eq. 4.19, the contact resistivity is
given by

Pe=R-A= %(RTA - pL) =0.25-1 .Oexp(—Z) ~250mQcm’. 4.21)

which is in good agreement with low-resistance ohmic Al contacts to p-doped Si
wafers. However, Eq. 4.21 is ill-suited for accurate low-resistivity measurements
especially considering almost negligible contribution of the second term in the
equation; therefore, Eq. 4.20 is used to drive an expression for Ry given by
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Fig. 4.6 Vertical contact configurations with identical surface areas (a) and plot of resistance
versus distance of Al/Si contacts on p-doped Si wafer (b)
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Fig. 4.7 Identical resistors of increasing length (a) and plot of their resistances as a function of
their lengths (b)
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L

Ry =2Re+ Ry

(4.22)

If several resistors of varying lengths with identical areas are fabricated (Fig. 4.7a)
and their respective Ry measurements plotted as a function of distance (Fig. 4.7b), a
linear response will be realized. In the limit of L = 0, Ry = 2R¢; the slope of the
graph will be Rgy/W. In practice, vertical contacts are not compatible with wafer
processing. Lateral or horizontal contacts are used for metal/semiconductor contact
resistivity characterization.

4.2.2 Resistivity Measurements in Lateral Configuration

A lateral metal/semiconductor contact (Fig. 4.8a), similar to a vertical contact, is
divided into three regions: metal, metal/semiconductor interface, and an un-doped
or doped semiconductor region underneath. Current flow in the semiconductor and
metal regions is along the horizontal direction. Away from the edges, current flow is
approximately vertical at the metal/semiconductor interface, but close to the edges,
there is a significant nonuniformity. Therefore, the physical area of the contact is not
used for resistivity calculation. At the edges, especially for diffused contacts, cur-
rent crowing effects are dominant (Fig. 4.8b). Detailed analysis reveals that the
current flow across the contact interface close to the edge is approximated by

I(x)=1,exp [LiJ (4.23)

T

where Ly is defined as the transfer length at which from the edge of the contact,
current flowing into the semiconductor layer is reduced by 1/e, i.e., 63% of the total
current entering the metal layer. Sometimes, it is also referred to as the effective

Metal , L | LT

|— Interface — |
===y
\

Diffused
) Region
(ﬂ) Semiconductor (b)

Fig. 4.8 Metal/semiconductor contacts in lateral configuration
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contact width. Further away from the edge, there is no current flow across the metal/
semiconductor contact. The transfer length is related to the contact resistivity and
sheet resistance by

L = [P (4.24)

T
RSH

Essentially, transfer length is the average distance an electron (or hole) travels
before it flows into the metallic region. At low L; values, current crowding is
enhanced. Low Ly values are achieved by decreasing p¢ or increasing Rgy. In con-
trast, for large L; values, the lateral contact current flow behavior approaches the
vertical limit. High L; values are achieved by increasing p. or decreasing Ry
Semiconductor carrier transport analysis reveals contact resistance for such inter-

faces can be modeled by
R R coth( /L ) (4.25)

where d is the contact width and W its length. Based on the behavior of
coth| 4 T function, two limits of R are realized:
T
d d
£ > 1,coth / ~1, (4.26)
L, L,
L
4 <<,coth( % j~ e il 4.27)
L, T d

By inserting Eqgs. 4.26 and 4.27 in Eq. 4.25, an expression for p. for the diffused
metal/semiconductor interface is given by

p.=R.WL,. (4.28)

Hence, for diffused contacts, contact resistivity is independent of its width and
virtual physical contact area is WLy. Using Eqs. 4.24 and 4.27 in Eq. 4.25, an expres-
sion for p. approximating vertical configuration is given by

p. = R.Wd. (4.29)

Therefore, the contact resistivity is simply contact resistivity multiplied by the
actual physical area (Eq. 4.21), the same as its vertical configuration.

Transmission line method (TLM) is extensively used on account of its simplicity,
reliability, and accuracy. The TLM method, originally proposed by Shockley, pro-
vides a convenient method to determine pc for lateral metal/semiconductor
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contacts. In contacts with identical geometry and physical properties separated by
increasing distances (Fig. 4.9), an expression for total resistance, Ry, can be derived
by combining Eqs. 4.22 and 4.28 and is given by

R, = %(2@ +L). (4.30)

R
From Eq. 4.30, it is noted that for L=2L;, R,=0and at L =0,R, = 7'[ Plotting

Ry as a function of L for a series of identical resistors, R and Ry can be determined
(Fig. 4.10). This methodology is extensively applied in characterization of screen-
printed Al and Ag contacts on un-doped p-type and doped n/p Si wafers in later
sections of this chapter.

—: —f

Wafer

Fig. 4.9 Metal/semiconductor contacts arranged in TLM configuration for resistivity
measurements
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2Lt L Iy e Li &

Fig. 4.10 R plotted as a function of distance in TLM configuration
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4.3 Geometric Configurations

Contact resistivity is a function of many parameters including area (both physical
and virtual), distance, doping, temperature, and metal type. Screen printing-based
geometric patterns were designed to understand and evaluate metal/Si contact
interface. By varying the area, contact resistivity variations can be evaluated for
both diffused and non-diffused surfaces since the contact resistivity is expected to
vary significantly for both cases. Similarly, distance variation while keeping the
same area will help establish layer uniformity. Figure 4.11 shows pictures of the
screen print masks investigated in this study. The minimum surface area was
.25 x .25 mm? and the largest was 10 x 20 mm?. Succinct features of these masks
have been summarized in Tables 4.2 and 4.3. Relatively large dimensions were
chosen to correlate with solar cell contact designs; the pattern in Fig. 4.11a has
been used extensively for contact characterization. For the largest metal pad
dimensions of 10 x 20 mm?, step sizes were 2.5, 5, 10, and 20 mm (last row in
Table 4.2).

|

SEENEE NEEEEE
mupEnn | (HEE

Fig. 4.11 Screen-printed metal pads on Si wafers showing varying areas and separations: (a)
10 x 4 mm?, (b) 2.5 x 2.5 mm? to 10 x 20 mm?, and 2.5 x 2.5 mm? patterns with step size varying
from 0.1 mm to 0.5 mm

Table 4.2 Contact pad dimensions and separations

Pad dimensions (mm?) Minimum separation (mm) Step size (mm)
0.25 x0.25 0.3 0.2

0.5%x0.5 0.3 0.2

0.75 x 0.75 0.3 0.2

10 x 10 0.3 0.2

4x 10 0.1 0.1

10 x 20 2.5 5,10,20
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Table 4.3 Contact pad step Mask # (mm?) | Minimum separation (mm) | Step size (mm)
size variations 1 0.3 0.1

4 0.4 0.2

5 0.5 0.3

2 0.6 0.4

3 0.7 0.5

4.4 Thermal Annealing Configurations

Al and Ag screen-printed contacts in Si solar cells were simultaneously annealed in
four thermal configurations. Summary of annealing configurations is given by:

(1) Wafer translation in horizontal orientation.
(i1) Wafer translation in vertical orientation.
(iii) Stationary wafer in horizontal orientation.
(iv) Stationary wafer in vertical orientation.

4.4.1 Conveyor Belt IR RTA Furnace

Figure 4.12a shows pictures of industrial-type conveyor belt IR furnace, manufac-
tured by Radiant Technology Corporation, including its typical thermal profile
with varying temperatures across its six zones (Fig. 4.12b). This furnace was used
for much of the work reported here. The zone temperature and conveyor belt
speed are adjusted in order to create any desirable thermal profile. In normal oper-
ation, conveyor belt transports screen-printed wafers across six temperature zones
from one end to the other at constant speed of 75 inches per minute. The length of
the heating zone was approximately 8 feet resulting in wafer transit time of 90 s.
Figure 4.12b plots temperature as a function of time for high and low temperature
profiles with the inset illustrating a conceptual drawing of the temperature versus
time profile. Wafer travel time through the highest temperature zones is ~ 10 s.
Horizontally oriented wafer encounters rapid temperature variations as it enters
and exits heating zones. Heating is provided by high-power IR lamps. This kind
of thermal annealing system is generally classified as an in-line rapid thermal
annealing (RTA) IR conveyor belt furnace. It is an furnace industrial with power
consumption of 45 kW.
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Fig. 4.12 Six-zone conveyor belt furnace (left) and its thermal profile (right) used for simultane-
ous annealing of Ag and Al screen-printed contacts on Si

4.4.2 Parallel-Plate Furnace

An inexpensive and low-energy alternative to IR RTA furnace was developed by
replacing IR lamps with quartz halogen lamps in a parallel-plate configuration sche-
matically described in Fig. 4.13a. A total of 12 (six at the top and six at the bottom)
500 W lamps were used in conjunction with 2 thermocouples at top and bottom
lamp assemblies to controllably vary temperature as a function of time. Figure 4.14b
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plots a typical temperature profile for this system. This furnace attains highest tem-
peratures in about 60-90 s followed by rapid cooling down as lamps are turned off.
In comparison with RTA, the wafer in parallel-plate furnace experiences high tem-
perature for slightly longer duration; the ramp down is comparable. The wafer
remains stationary as quartz lamps are tuned on; increase in wafer temperature is
also assisted by light absorption since halogen light spectrum within Si bandgap.
Power consumption of this furnace was 6 kW.

Top Quartz Lamps 750 TC1
— S w0
Si Wafer | ! % 450 0
\ Si Spacers g -
H/ Q
I sJ 5 150
@ | N )
— Quartz Plate 0 150 300 450 600
Bottom Quartz Lamps Time (sec)

Fig. 4.13 Conceptual drawing of rapid thermal annealing system (a) and plot of approximate
temperature variation as quartz lamps are turned on and off (b); the system is capable of annealing
up to 6” x 6” wafers

Fig. 4.14 Conceptual drawing of quasi-rapid quartz furnace annealing system for up to 4” x
4” wafers
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4.4.3 Quartz Tube Furnace

The third annealing configuration uses Lindberg/Blue M 1100 °C digital tube fur-
nace with three independently controlled heating zones (STF55666C-1). A silicon
carbide paddle, connected to a DC motor, moves the wafer in vertical orientation
speed at a constant speed of 55 inches per minute across the 91-cm-long heating
zones (Fig. 4.14). In this system, wafers enter and exit from the same input end;
therefore, virtually symmetric six-zone temperature profile is achieved. This sys-
tem, suitable for batch processing, represents highly uniform temperature distribu-
tion and is widely used in semiconductor processing for oxidation and diffusion
applications. The temperature variation of this furnace is considerably slower in
comparison with RTA and parallel-plate furnaces. Thermal annealing profile is
depicted in Fig. 4.15 for typically low and high temperatures; inset illustrates the
concept of virtual six-zone furnace. Heating is provided by resistive coils; there is
minimal light absorption in the wafer. The wafer stays at high temperatures for
about ~ 30—40 s. Quartz tube furnace power consumption is 11 kW.

4.4.4 Radial Furnace

An alternative to traditional quartz tube furnace was developed using quartz halogen
lamps in a radially symmetric configuration illustrated in Fig. 4.16a. A total of 12
(six at one side and six on the other side) lamps each operating at 500 watt were
used with respective thermocouples on either side used for controllable temperature
variation. Figure 4.16 (b) describes a typical temperature profile for this system. The
wafer remains stationary in vertical configuration. This furnace is capable of anneal-
ing up to 57x5” wafers. Its volume is significantly larger than the quartz furnace
with slowest heating and cooling down ramp rates; it takes ~ 7—8 min to reach desir-
able process temperatures. Thus, the wafer in this furnace stays at high temperatures

Fig. 4.15 Plot of 1000
approximate temperature High Temp P
variation as wafers travel %) 800 P
in and out of the three-zone P
quartz furnace g 600

€ s

o 400 g

- :

o 200 &

h ——

0 Wafer Translation

0 50 100 150
Time (sec)
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Fig.4.16 Conceptual drawing of radially symmetric quasi-rapid thermal annealing system (a) and
plot of typical temperature variation as quartz lamps are turned on and off (b); the system is
capable of annealing up batch of 57 x 5 wafers

far longer than either of the three configurations described above. Radial furnace
operates at 6 kW.

4.4.5 Summary of Annealing Configurations

Critical features of the four annealing furnaces are summarized below.

(i) Conveyor belt RTA furnace employs high-power IR lamps to heat the mov-
ing wafer in horizontal configuration at the highest ramp-up and ramp-
down rates.

(ii) Parallel-plate furnace uses quartz halogen lamps with substantial light in the
visible spectrum to heat a stationary wafer at ramp rates comparable to indus-
trial RTA.

(iii) Quartz tube furnace heats slow-moving wafers in vertical configuration using
IR heaters.

(iv) Radially symmetric furnace uses quartz halogen lamps to heat stationary

wafers at the slowest ramp rates.

Relative energy consumption for the four furnaces is provided in Table 4.4.
The energy calculations assume annealing times of 90 s for parallel-plate fur-
naces, 120 s for the quartz tube, and 450 s for radial furnaces. Lowest energy
usage occurs in the parallel plate. However, in reality, quartz and radial furnaces
represent the least energy consumption options because of their ability to process
batch of wafers.
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Table 4.4 Energy usage in RTA systems

RTA system Energy usage (kwh) Comment
Conveyor belt 1.1 In-line, single wafer
Parallel plate, RTA 0.15 In-line, single wafer
Quartz tube, quasi-RTA 0.75 Batch processing
Quartz tube furnace 0.37 Batch processing

4.5 Experimental Results

Metallization of Si wafers was carried with screen-printed pastes on single and mul-
ticrystalline, boron-doped wafers with bulk resistivity of 0.5-1.0 Q.cm and thick-
ness of 200 pm; relevant wafer processing steps have already been described in
Chap. 2. Emitter sheet resistances of POCI; and H;PO, diffusion process ranged
from ~ 20 to 50 Q/square. The screen-printed contacts were formed for Ag with
Heraus SOL 9621M paste and for Al with Mono-Crystal Pase-1207. Screen-printed
paste contacts were dried in an oven at 100 °C for 10 min followed by high tempera-
ture thermal annealing. A digital multimeter (ADM20) was used for resistance mea-
surements between metal pads.

The following subsections present results on Ag and Al screen-printed contacts
with respect to surface texture, contact area, and contact separation in order under-
stand contact formation.

4.5.1 TLM Pattern Calibration

TLM versatility was investigated for a wide range of parameters. Conveyor belt
RTA furnace was used for all the work presented in this subsection. Experimentally
measured resistance data with respect to distance between adjacent metal pads was
plotted and fitted with linear squares method. The expression for contact resistivity
derived in Eq. 4.28 was used to determine Al/Si and Ag/Si contact resistivities.

4.5.2 Variation with Texture

Figures 4.17 and 4.18 plot measured resistance data from 0.4 x 1 cm? area TLM
contacts on planar and textured surfaces; insets represent calculated R¢ (), Ly (in
mm) and pc (mQ-cm?) values. The linear squares fit of the experimental data
revealed 99% accuracy levels. A comparison of R¢ and pc data shows lower values
on textured surfaces by ~ 20% for Al and by ~ 30% for Ag, respectively. This reduc-
tion is likely to be a function of high temperature metal-silicon alloying; it will be
discussed in sufficient detail as part of the morphological analysis of contact
interfaces.
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Fig. 4.17 Resistance measurements of identical Al TLM contacts on planar (a) and textured p-Si
wafers; insets represent calculated R, Ly, and pc values from the plotted data
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Fig. 4.18 Resistance measurements of identical Ag TLM contacts on planar (a) and textured n/p-
Si wafers; insets represent calculated R, Ly, and pc values from the plotted data

4.5.3 Variation with Area

Figure 4.19 plots R¢ and pc measurements as a function of Al/Si contact for areas in
0.0625—1-cm? range. A slowly varying reduction response is observed for R¢
(Fig. 4.19a) and linear increase is observed for pc (Fig. 4.19b). Both R¢ and pc
responses were curve-fitted with In (x) and linear (x) functions with reasonable
accuracy; equations and statistical accuracy levels are also shown in Fig. 4.19. It is
observed that R¢ is approximately reduced by a factor of 2.5 and pc increased by a
factor of 2 as the area is increased from 0.0625 to 1 cm?; Ly values were comparable
for all measurements. For a resistor, resistance increases linearly with length and
decreases inversely with area (Eq. 4.2). Since separation between the pads was iden-
tical for all areas, the only variable for measurements was contact area. The contact
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Fig. 4.19 Contact resistance (a) and resistivity measurements (b) of Al TLM contacts on p-Si
wafer plotted as a function of pad area; inset in (b) represents Ly values utilized in p¢ calculation
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Fig. 4.20 Contact resistance (a) and resistivity measurements (b) of Ag TLM contacts on n/p-Si
wafer plotted as a function of pad area; inset in (b) represents Ly values utilized in pc calculation

area decreases by a factor of 16 from the largest to smallest pattern; however, Re
only increases by a factor of 2.5. Similarly, pc is a linear function of transfer length,
Ly, and contact length w (Eq. 4.28). Since Ly is the same for all patterns, the only
variable is contact length, which decreases by a factor of 4 from the largest to small-
est pattern; however, pc only decreases by a factor of 2. In general, for pc calcula-
tion, Eq. 4.28 holds true since R¢ increases as contact length decreases. However,
simple resistor analogy does not adequately describe Al/Si interface due to its
dependence on pc.

Figure 4.20 plots Ag/Si interface Rc and pc measurements with respect to
increase in contact area from 0.0625 to 1 cm?. Similar to the Al contact, R exhibits
linear reduction and pc linear increase contact area increases. Both R and pe
responses were curve-fitted with linear (x) functions with reasonable accuracy;
equations and statistical accuracy levels have been included in Fig. 4.20. It is



4.5 Experimental Results 145

observed that that Rc is reduced by a factor of 2 and p¢ increased by a factor of 2 for
comparable Ly values. This behavior is similar to the Al contact. Therefore, Rc and
pc variations with contact area are comparable for Al/Si and Ag/Si contacts.

4.5.4 Variation with Distance

Figure 4.21 plots resistance response of identical area (0.25 cm?) Al/Si contact as a
function of separation in 0.1-0.5-mm range (Table 4.3). A reasonably good linear
response is observed for both R and pc; lack of better fit may be attributed to mis-
match in Ly values and the variation in minimum distances for five TLM patterns.
The measured data exhibits increase in resistance with distance as expected for a
normal resistor. Figure 4.22 plots similar measurements for the Ag contact. For the
Ag case, linear response for the Rc contact with area is pretty poor although pc
exhibits significantly superior linear response. The anomaly in Rc data may be
attributed to considerable differences in Ly values that will significantly impact cal-
culated R¢ and pc values. In general, both Al and Ag contacts exhibit good linear
response as contact separation between pads increases typical of a normal resistor.

4.5.5 Variation with Largest Areas and Distances

Figure 4.23 plots Ry as a function of distance for the largest area (10 x 20 mm?) pat-
tern with the longest separation (20 mm). The insets in Fig. 4.23 show calculated
Re, pe, and Ly values extracted from the Ry data. It is observed that calculated values
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Fig. 4.21 Contact resistance (a) and resistivity measurements (b) of 0.25-cm?-area Al TLM con-
tacts on p-Si wafer plotted as a function of pad separation; inset in (b) represents Ly values utilized
in pc calculation
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Fig. 4.22 Contact resistance (a) and resistivity measurements (b) of 0.25-cm?-area Ag TLM con-
tacts on n/p-Si wafer plotted as a function of pad separation; inset in (b) represents Ly values uti-
lized in pc calculation
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Fig. 4.23 Resistance variation of largest area TLM pattern plotted as a function of distance for (a)
Al and (b) Ag; also shown in insets are the calculated L and pc values

(Re, pe, and Ly) for both Al and Ag contacts are significantly higher. A summary of
key features in presented in Table 4.5 by calculating ratios with respect to
10 x 20-mm? area patterns. It is observed that Rc is ratio increases by 2 and pc
reduced by 2.

This behavior is consistent with our earlier observations, i.e., Rc generally
decreases as contact areas are reduced and pc increases with length of the contact.
This was also revealed by R¢ and pc calculations based on mathematical fits in
Figs. 4.22 and 4.23. The calculated values for 20-mm separation lead to values far
higher than observed in Fig. 4.23.
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Table 4.5 Summary of Al and Ag pc and R ratios

Area (mm?) Length Area Al p. AIR, Ag p. AgR.
25x%x2.5 8 32 5.3 0.35 13.5 0.6
5x5 8 8 4.4 0.57 8.5 0.7
7.5%x7.5 8 3.5 4.1 0.84 8.0 1.1
10 x 10 8 2 3.1 0.74 6.0 1.3
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Fig. 4.24 Al contact resistivity (a) and transfer length (b) variation with temperature in radially
symmetric quasi-rapid thermal annealing furnace

4.6 Aluminum Contact Variation with Annealing
Configurations

The principal objective of annealing experiments is to determine least energy con-
sumption approach to optimum Al/Si contact formation. This study will also help
enhance our physical understanding of calculated parameters Re, pe, Rsy, and
L. For all measurements in the following sections, Ry vs distance data is plotted
and curve-fitted at each temperature profile in order to extract Re¢, pc, Rsy, and Ly
parameters (Eq. 4.22, Figs. 4.7 and 4.10). These parameters are then plotted as a
function of temperature.

4.6.1 Al/Si Contact in Radial Furnace

In radial furnace, wafers in vertical orientation are stationary with halogen quartz lamps
serving as heating source. Resistance data as a function of distance is acquired with
varying thermal profiles (Fig. 4.16b). Figure 4.24 plots calculated pc and Ly values as a
function of temperature. It is observed that as temperature increases, both these param-
eters decrease linearly with statistical accuracy of 96% to 92%. In order to compare with
calculated Rgy values, Al films were etched off the contact regions at room temperature
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in hydrochloric acid (HCI) solution. Figure 4.25 plots calculated and measured Rgy; val-
ues as a function of temperature. Calculated Rgy values are curve-fitted with a third-
order polynomial function, while measured Rgy values exhibit linear response with 99%
statistical accuracy; no correlation is observed between calculated and measured values.
Calculated Ry values, even if curve-fitted well with third polynomial function, appear
to remain invariant with temperature since such small variations lie well within experi-
mental errors. In contrast, measured Rgy values exhibit linear reduction from ~ 70 to
30 Q/square. Additional insight is gained by examining the four-point data given in
Table 4.6. As annealing time and temperature increase, linear response in voltage and
current is observed, i.e., reduction in voltage and increase in current. Hence, increasing
current corresponds to increasingly conductive Si layer.

4.6.2 Al/Si Contact in Quartz Tube Furnace

In quartz furnace, vertically oriented wafers slowly transit across a virtual six-zone
temperature profile (Figs. 4.14 and 4.15) with IR lamps serving as heating source.
A more detailed study on Al/Si contact formation in this furnace has been reported
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Fig. 4.25 Al calculated sheet resistance (a) and measured sheet resistance (b) in radially symmet-
ric quasi-rapid thermal annealing furnace

Table 4.6 Al Sheet resistance measurements in radial furnace

Anneal time (sec) Voltage (mV) Current (mA) Rgy Q/square
180 58.8 3.71 71.8
210 53.0 4.88 49.2
360 44.0 6.14 32.5
720 26.0 7.14 16.5
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elsewhere [12]; representative data is presented for high and low temperature pro-
files. Figure 4.26 plots Ry variation with distance for low (700/700/700) temperature
annealing profile; inset provides calculated values of R, pc, and Ly at hold times of
30 and 40 s. Values of Rc, pc, and Ly decrease substantially with annealing time with
resistivity lower than that observed in radial furnace. Figure 4.27 shows similar
measurements at higher (600/600/900 and 600/600/925) temperature profiles.

Pe 30.8

0
-1.5 -1 -0.5 0 0.5 il

Distance (mm)

Fig. 4.26 Measured Al Ry as a function of distance for 700/700/700 temperature profile, red line
for 30-sec and blue line for 40-sec anneal times; insets show calculated pc, Ly, and R¢ values

12
Pe 8.6 R2=0.98 o
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Fig. 4.27 Measured Al Ry as a function of distance for 600/600/900 and 600/600/925 temperature
profiles, red line for 10-sec and blue line for 5-sec anneal times; insets show calculated pc, Ly, and
Rc values
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Fig. 4.28 Measured sheet resistance in conventional quartz tube furnace for temperature profiles
described in Fig. 4.15 after removal of Al

Table 4.7 Al sheet resistance measurements in quartz tube furnace

Anneal profile Voltage (mV) Current (mA) Ry Q/square
600-600-850 (10 s) 48 2.94 74
700/700/700 (45 s) 56 4.9 51.8
600-600-875 (10 s) 37 6.54 25.6
600-600-925 (0 s) 9.6 8.78 495

Similar to 700/700/700 profile, longer annealing time leads to lower resistivity.
Comparison of low and high temperature profiles reveals that lower resistivity is
achieved at lower temperature and longer time. Figure 4.28 plots measured Rgy as a
function of temperature for temperature profiles in Figs. 4.26 and 4.27. It is observed
that temperature-based reduction in Rgy exhibits slow exponential response with
lowest pc of ~ 5 Q/square. The four-point data in Table 4.7 also supports this trend
through substantially higher current flow consistent with lowest resistivity.

4.6.3 Al Contactin RTA Furnace

In RTA, wafers in horizontal orientation rapidly travel across six-zone temperature
profile (Fig. 4.12) with IR lamps serving as heating source. A more detailed study
on Al/Si contact in this furnace has been reported elsewhere [12]; additional
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Fig. 4.29 Al contact resistivity (a) and transfer length (b) variation with temperature in conveyor
belt rapid thermal annealing furnace
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Fig. 4.30 Measured sheet resistance plotted as a function of temperature in conveyor belt RTA
furnace after removal of Al

features are presented. Figure 4.29 plots pc and Ly measurements as a function of
temperature. Both pc and Ly exhibit reduction with increasing temperature with
respective responses curved-fitted with fourth- and third-order polynomials. Contact
resistivity deceases rapidly at lower temperatures; at higher temperatures, the rate of
reduction is relatively low. Reduction on sheet resistance with temperature is
approximated to be with a third-order polynomial (Fig. 4.30). A comparison of four-
point measurements of RTA furnace (Table 4.8) with quartz furnace (Table 4.7)
reveals a similar behavior except for the higher current flow for the latter case.
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Table 4.8 Al sheet resistance measurements in RTA furnace

Anneal Temperature (°C) Voltage (mV) Current (mA) Rsy Q/square
660 59 3.02 88.5

670 53 5 48

710 41 7.25 25.6

900 21 8.04 5

4.6.4 Al Contact in Parallel-Plate Furnace

In parallel-plate furnace, the wafer in the horizontal orientation is stationary with
halogen quartz lamps serving as heating source. Resistance data is acquired as a
function of distance with varying thermal profiles (Fig. 4.13b). Figure 4.31 plots
calculated pc and L values as a function of temperature. It is observed that as tem-
perature increases, pc decreases linearly, while Ly reduction response is approxi-
mately modeled with third-order polynomial. Figure 4.32 and Table 4.9 provide Rgy
data for temperatures in ~ 650-900 °C range. Sheet resistance variation is curve-
fitted with a slowly varying exponential function. The measured sheet resistance
variation with temperature (Table 4.9) matches well with RTA and quartz furnaces
except with higher Rgy values.

4.6.5 Summary of Al/Si Contact Formation

Four different types of annealing geometries were investigated. While all annealing
furnaces were able to form good ohmic contacts, comparative analysis suggests that
the most optimum configuration appears to be the quartz tube furnace at low tem-
perature and longer holding times. This configuration is also less energy intensive
due to its batch processing capability. Conventional IR RTA furnace is only slightly
lower in terms of performance. The radial furnace has lower temperature capability
and has the potential to be comparable to quartz furnace increased power.

4.7 Silver Contact Variation with Annealing Configurations

The principal objective of annealing experiments is to determine an optimum
energy-conserving approach to lowest resistance ohmic contact between Ag and n/p
Si wafer with emitter Rgy of ~ 50 /square. This study will help enhance physical
understanding of Ag/Si contact formation. In all measurements in the following sec-
tions, Ry vs distance data is plotted to extract R¢, pc, Rsy, and Ly parameters; these
parameters are subsequently plotted as a function of temperature.
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Fig. 4.32 Measured sheet 100 -
resistance plotted as a y = 6992.4¢ 0007
function of temperature in 80 - R? = 0.9747
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Table 4.9 Al sheet resistance measurements in parallel-plate furnace

Anneal time (sec) Voltage (mV) Current (mA) Rsy Q/square
60 35 2.13 74.4

75 48 3.92 55.5

90 39 4.94 35.8

360 24 7.76 14

4.7.1 Ag/Si Contact in Radial Furnace

In radial furnace, vertically oriented wafers are stationary with halogen quartz
lamps serving as heating source. Resistance data as a function of distance is acquired
based on thermal profile described in Fig. 4.16. Figure 4.33 plots Ry response for
three temperature profiles. It is observed that at low temperature, low contact resis-
tivity of ~ 1.3 Q/square is achievable. At higher temperatures, contact resistivity
increases along with calculated Rgy values.

4.7.2 Ag/Si Contact in Quartz Tube Furnace

In quartz furnace, vertically oriented wafers slowly travel along a virtual six-zone
temperature profile (Fig. 4.15) with resistive heaters serving as heating source. A
more detailed study on formation of Ag/Si contacts in this furnace has been reported
elsewhere [11]; representative data is presented for high and low temperature pro-
files. Figure 4.34 plots Ry variations with distance for low (700/700/700) and high
(600/600/875) temperature annealing profiles; insets provide calculated pc, Ly, and
Ry values. It is observed that contact resistivity is high at both temperatures. In
order to compare with measured Rgy values, Ag films were etched off in HNO;/H,O
(1:1) solution at room temperature. Figure 4.35 and Table 4.10 present Rg;; measure-
ments for temperature profiles. For the shallow 50 /square emitters, the increase in
Rgy is linear with temperature (Fig. 4.35). Therefore, as temperature increases,
increasing quantities of Si are incorporated in the Ag film leaving behind higher



4.7 Silver Contact Variation with Annealing Configurations 155

180

Pc 80

L, |0.07 R?=0.99
Ry | 867

pc | 48.7 o} 60

L [0.27 i
Rey | 250 oc 40

oc 17 Rz=0.99

L 0.04 R2=0.97
Rsy | 113 O*’r_'—.__.____.
-0.7 -0.35 0 0.35 0.7

Distance (mm)

Fig. 4.33 Measured Ag Ry plotted as a function of distance for three annealing times; insets show
calculated p¢, Ly, and R¢ values
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Fig. 4.34 Measured Ag Ry as a function of distance for 700/700/700 (blue line) and 600/600/875
(red line) temperature profiles, for 30-s and 10-s anneal times; insets show calculated pc, Ly, and
Rc values
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Table 4.10 Ag sheet resistance measurements in quartz tube furnace

Anneal profile Voltage (mV) Current (mA) Rsy Q/square
650/650/650 (45 s) 93 4.2 100.3
600-600-875 (10 s) 110 1.94 256.9
600-600-925 (0's) 122 1.5 368.4
600-600-925 (10 s) 125 1.19 475.8

sheet-resistant layer with high pc values. This behavior is supported by the four-point
data in Table 4.10, and good agreement is observed between measured and calculated
Rgy values. In this case, Ag/Si contact resistivity behaves conversely to that of Al/Si
interface; higher temperature results in higher resistance due to high Rgy.

4.7.3 Ag/Si Contact in Conveyor Belt Furnace

In conveyor belt RTA, the wafer in horizontal orientation travels across six-zone
temperature profile (Fig. 4.12) with IR lamps serving as heating source. A more
detailed study on Ag/Si contact in this furnace has been reported elsewhere [11];
some additional features are presented here. Figure 4.36 plots pc and Ly measure-
ments as a function of temperature. Both exhibit slow linear reduction modeled by
fourth-order polynomials. Interesting feature of these measurements is increase in
contact resistivity at higher temperatures. This is confirmed by etching Ag films and
plotting measured Rgy as a function of temperature in Fig. 4.37; Table 4.11 presents
measurement parameters. Measured Rgy values increase linearly with temperature
(Fig. 4.37a); however, calculated values exhibit a broad maximum as a function of
temperature (Fig. 4.37b) in contrast with experimental data. The Rgy variations in
RTA and quartz tube are consistent, yet in contrast with quartz tube, significantly
lower contact resistivity is achievable in the former furnace. The ability to rapidly
raise and lower temperature appears to be critical in Ag/Si contact formation and
may also account for low resistivity observed in the radial furnace.
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Fig. 4.36 Variations in (a) contact resistivity and (b) transfer length with temperature in conveyor
belt rapid thermal annealing furnace
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Fig. 4.37 Sheet resistances in conveyor belt RTA furnace configuration: (a) after Ag removal and
(b) calculated from TLM resistance measurements

Table 4.11 Ag sheet resistance measurements in RTA furnace

Anneal temperature (°C) Voltage (mV) Current (mA) Rsy Q/square
660 76 53 65

710 92 345 120.8

750 106 2.07 232

870 117 1.1 481.8




158 4 Metallization in Solar Cell
4.7.4 Ag/Si Contact in Parallel-Plate Furnace

In parallel-plate furnace, the wafer in horizontal orientation is stationary with halo-
gen quartz lamps serving as heating source. Resistance data is acquired as a func-
tion of distance with varying thermal profiles (Fig. 4.13b). Figure 4.38 plots
calculated pc and Ly values as a function of temperature. Reduction in both param-
eters can’t be curve-fitted with simple mathematical functions. Contact resistivity
exhibits a narrow minimum with increasing temperature. At higher temperatures, pc
increase is approximately linear. The contact resistivity response appears to be simi-
lar to that of the RTA furnace. Figure 4.39 and Table 4.12 provide experimental and
calculated Rgy measurements. Both exhibit response that can be curve-fitted with
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Fig. 4.38 Contact resistivity (a) and transfer length (b) variations with temperature in parallel-
plate rapid thermal annealing furnace
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Fig. 4.39 Sheet resistances in parallel-plate furnace configurations after Ag removal (a) and cal-
culated from the resistance measurements (b)



4.8 Morphological Analysis of Al/Si Interface 159

Table 4.12 Ag sheet resistance measurements in parallel-plate furnace

Anneal time (sec) Voltage (mV) Current (mA) Rsy Q/square
60 78 4.96 71.2
75 110 3.68 135.4
90 123 2.48 224.7
120 158 0.82 872.8

fourth- and fifth-order polynomials. The highest sheet resistance in Table 4.12 starts
to approach a current profile similar to that of an n-doped wafer (Table 4.1) except
that the voltage increases by ~ 10 and current by ~ 4. Comparison of resistivity
response for the RTA and parallel plate reveals many similar features including
wide variation in resistivity values and its increase with higher temperature.
However, pc values in parallel-plate system are higher and contact formation is a
more sensitive function of temperature.

4.7.5 Summary of Ag/Si Contact Formation

Four different types of annealing geometries were investigated. For the Ag/Si con-
tact, parallel-plate furnace response was promising. In contrast with blanket Al/Si
contact, Ag contact is formed on Si wafer with about 6% Ag coverage. With large
surface transparent to quartz halogen light absorption, wafer temperature is signifi-
cantly higher than in RTA furnace; therefore, temperature ramp rates during heating
and cooling must be faster. The same is true for the radial furnace. Temperature
variation in quartz furnace is too slow to form good contacts.

4.8 Morphological Analysis of Al/Si Interface

Morphology of Al/Si regions was characterized with Hitachi field emission scan-
ning electron microscope (FE-SEM) model SU-8230. This SEM features a top
detector along with a semi-in type of objective lens and represents advanced version
of the upper backscattered electron detector used in earlier S-5500 model. By com-
bining the top detector with the conventional upper detector technology, this SEM
provides significant improvement in signal detection system for optimum contrast
visualization of signals of secondary electrons, low-angle backscattered electrons,
and high-angle backscattered electrons generated from the sample. For character-
ization purposes, all samples were cleaved and mounted on 45-deg stage to enable
cross-sectional imaging. For most of the SEM imaging work, accelerating voltage
was in 6-10-kV range and the working distance in 18—-20-mm range.
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4.8.1 Microstructural Analysis of RTA-Annealed Interface

Figure 4.40 illustrates contact schematic and low-resolution cross-sectional SEM
image of the screen-printed Al paste/Si interface after drying. The pre-annealed
paste consists mainly of Al spheres with diameter varying over a broad range (~
0.5 pm to 10 pm); some irregular ellipsoidal shapes are also observed; overall paste
thickness is 40 pm. Figure 4.41 displays cross-sectional SEM images of Al/Si inter-
face following RTA annealing in 640-900 °C temperature range. At 640 °C
(Fig. 4.41a), the Al/Si interface appears similar to un-annealed interface (Fig. 4.40b)
with sphere diameters in 0.7-6-um range; there is no evidence of Al/Si alloyed
interface; contact resistance is too high to measure. At 670 °C (Fig. 4.41b), higher
magnification view of the Al/Si interface reveals an alloyed, nonuniform Al/Si thin
(~ 0.3 pm) film. For this structure, contact resistance is still high but measurable. At
800 °C (Fig. 4.41c¢), a thick (~ 4 pm) nonuniform Al/Si film is observed with Al
spheres varying in diameter in ~ 0.2-5-pm range; contact resistance at this tempera-
ture is ~ 40 mQ-cm?. At 900 °C (Fig. 4.41d), a relatively uniform 2-pm-thick Al/Si
alloyed film is observed with Al spheres varying in diameter in ~ 0.2-5-pm range;
contact resistance at this temperature is approximately 10 mQ-cm?. The morphol-
ogy of the contact interface changes significantly with temperature. At temperatures
lower than 670 °C, the Al paste is mostly in the form of intimately connected spheres
with diameters in ~ 0.2-5-pm range in the absence of well-defined Al/Si alloyed
interface. As temperatures are increased beyond 670 °C, Al/Si alloyed layers of
variable and nonuniform thickness are formed. The Al paste structural morphology
remains invariant; resistance reduction appears to be a function of the uniformity
and thickness of Al/Si alloyed layer. The yellow lines in SEM images indicate direc-
tion of elemental concentration scans that will be discussed in the next section.

N

Al Paste

MEE W N W
(a)

p-type Si wafer |

Fig. 4.40 Pictures of cross-sectional diagram of screen-printed TLM pattern on p-doped Si wafer
(a) and low-resolution SEM image of screen-printed Al paste after drying at 100 °C for 10 min (b)
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Fig. 4.41 Cross-sectional SEM images of Al/Si interface following annealing at 640 °C (a),
670 °C (b), 800 °C (c), and 900 °C (d) in conveyor belt RTA furnace

4.8.2 Microstructural Analysis of Quartz
Furnace-Annealed Interface

Figure 4.42 displays cross-sectional SEM image of Al/Si interface following quartz
furnace annealing at 850 °C. Figure 4.42a illustrates nonuniform Al/Si alloyed
region of ~ 1.5-pm maximum thickness below interconnected Al spheres with diam-
eters in ~ 0.5-3-pm range. Figure 4.42b shows cross- sectional SEM image of the
Al/Si interface annealed at 925 °C. A nonuniform Al/Si alloyed region of ~ 1.4-pm
maximum thickness is formed below interconnected Al spheres with diameters in ~
0.25-3-pm range. Despite structurally similarity of Al/Si interfaces, there is an
order of magnitude reduction in resistivity for 75 °C temperature change.

4.8.3 Compositional Analysis of Annealed Interface

Compositional analysis of the metal contact interface regions was carried out with
the Hitachi SU-8320 FE-SEM. This FE-SEM is equipped with high-resolution
detection system of characteristic X-rays generated by samples under electron beam
irradiation. The elemental detection system was based on energy-dispersive X-ray
spectrometer (EDX) consisting of a solid-state detector (Si (Li)) in combination
with multichannel pulse height analyzer and host of advanced data processing sys-
tems. EDX measurements were focused on detection of Si, Al, Ag, and oxygen. For
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Fig. 4.42 Cross-sectional SEM images of quartz furnace-annealed Al/Si interfaces at 850 °C (a)
and 925 °C (b) temperatures
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Fig. 4.43 Experimentally observed variations of Al and Si concentrations across the Al/Si alloyed
region at 900 °C (a) along with nonlinear dynamic curve fitting (b); solid lines (black and blue)
represent curve fits to the experimental points (green and red triangles)

all measurements, samples were mounted on 45-deg stage at a working distance of
20 mm and accelerating voltage of 10 kV; data was averaged for 30 s. Cross-
sectional elemental concentrations were detected across the metal/Si interface at
90°. Figure 4.43a plots a typical line scan measurement of RTA-annealed Al/Si
interface at 900 °C. Across interface region of 4-um length, 100 locations were
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tested resulting in position resolution of ~ 0.04 pm; SEM image with green line
indicates the scan direction from Si substrate towards Al paste. The plotted data
displays Si and Al concentration gradients across the interface region. The concen-
trations of Si and Al are highest deep in the wafer and paste regions, respectively. In
order to accurately measure the width of the contact interface regions, measured
data was curve-fitted with nonlinear regression based on sigmoidal, Gompertz [13],
and four-parameter equation given by

f(x):yn+a><exp(—exp(—(x—x0)/b)) 4.31)

where the minimum value of parameters q, b, x,, and y, were —97.7187, —0.8924,
—1.8525, and —2.2813, respectively; the maximum values were 293.1561, 2.6771,
5.5575, and 6.8439, respectively. Figure 4.43b plots the experimental data along
with the nonlinear fit; excellent agreement is observed. All subsequent EDX mea-
surements were curve-fitted with this routine and achieved convergence of 99.5%.

Figure 4.44a plots the curve-fitted concentration variations for conveyor belt
RTA-annealed contacts. While the Al concentration slopes appear identical across
the interface region at both the lowest (640 °C) and the highest (900 °C) tempera-
tures, Si slopes are significantly different. The widths of the interface regions
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Table 4.13 Widths of Temperature and configuration | Al/Si width (pm)
interface regions for RTA and 640 °C/RTA 0.8
QTF configurations

850 °C/quartz tube 1.2

900 °C/RTA 1.0

925 °C/quartz tube 1.8

measured at the bottom part of each graph have been listed in Table 4.13. The Al/Si
contact region width increases by 25% as temperature is increased by 40%.
Figure 4.44b plots the curve-fitted concentration variations for vertically annealed
contacts in quartz tube furnace. The slopes of Al appear identical across the inter-
face region at both the lowest (850 °C) and the highest (925 °C) temperatures. Si
slopes are significantly different in comparison with the horizontal annealing con-
figuration. The widths of the interface regions measured at the bottom part of each
graph have been listed in Table 4.13. The Al/Si contact region width increases by
350% as temperature is increased by 9%.

Composition of Al paste has been investigated. An interesting feature was detec-
tion of Si films across the entire width of the paste region. Below 700 °C, Si pres-
ence inside the paste was negligible. Figure 4.45 displays SEM images of Si films
near the Si substrate (Fig. 4.45a) and middle of the paste (Fig. 4.45b) along with
respective Al/Si concentration variations in Figs. 4.45¢ and d; the green line on the
SEM image below the plotted data indicates scan direction across the Al/Si struc-
tures. Almost symmetric correlation in concentration variation is observed with
dark and white regions corresponding to Si and Al, respectively. Colored contrast
maps of elemental concentrations in Fig. 4.46 illustrate this more vividly; the black
and white SEM image represents the profile for which colored contrast elemental
concentrations were measured. The green regional map of Al concentration reveals
a dark region without Al. The yellow regional map of Si reveals its highest concen-
tration in the dark, Al-free region. The red regional map of O concentration reveals
its highest concentration in Al-rich regions. These regions likely represent thin
AlLO; films formed on the surface of Al. The visual information presented in
Fig. 4.46 is insightful; however, it fails to provide quantitative information. Finite
area EDX scans were carried out in Al and Si regions in order to precisely determine
surface concentrations. Figure 4.47 displays SEM images of Al/Si composite
spheres of diameter ~ 1.5 pm. The yellow rectangular area in the dark region for Si
(Fig. 4.47a) and the light region for Al (Fig. 4.47b) identify regions selected for
EDX measurements. The dark region reveals ~ 2.75 times higher Si concentration
than Al along with ~ 4.5% concentration of oxygen (Fig. 4.47c). In contrast, the
light region reveals twice as much Al concentration than Si along with ~ 9% con-
centration of oxygen (Fig. 4.47d). The higher O concentration in the light region
likely related to formation of Al,O5 and SiO, films. This type of composite structure
was observed in almost all of the Al paste irrespective of its location either near the
Si/Al or Al/Air interface.
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Fig. 4.45 SEM images of Si films in Al paste near the Si substrate (a) and closer to the Al/air

interface (b) along with their respective concentrations near the Si substrate (¢) and near the Al/air
interface (d); SEM images of the linescans across the Al/Si interfaces are also included for clarity

4.8.4 Contact Formation Mechanisms

Aluminum screen-printed contact formation using rapid thermal annealing has been
extensively investigated in terms of process parameters, microstructure, composi-
tion, and inter-diffusion of Al and Si; a detailed summary is provided in references
[14-24]. Generally agreed consensus is that as temperature is increased above the
melting point of Al (~ 660 °C), Al starts to melt and individual micrometer-sized
spherical particles form metallurgical contact with each other. At the same time, Si
starts to diffuse into Al with increasing concentrations. These processes continue
until the temperature reaches its highest point and cool down is initiated. As tem-
perature is reduced and Al begins to solidify, Si concentration in Al is reduced to ~
12.6% at its eutectic point (577 °C). During this cool down phase, Si is diffused out
of solid Al and epitaxially grows on the underlying Si substrate with significantly
reduced Al concentrations based on its solid solubility limit. Most of the published
work relates to various aspects of physical mechanisms underlying the Al/Si con-
tact. There is lack of comprehensive investigation on correlated model incorporat-
ing electrical, thermal (time and temperature), structural, and compositional aspects
of the A/Si contact.
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Fig. 4.46 Colored secondary-electron images of Al, Si, and O concentrations for the SEM profile
(bottom right)
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Fig. 4.47 SEM images of sintered Al/Si spheres annealed at 900 °C with dark (a) and light (b)

regions along with their respective EDX analysis (¢ and d)
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The work presented here is an attempt at further clarification. Figure 4.48 dis-
plays SEM image of annealed contact at 900 °C in which four distinct regions can
be identified: (a) the sintered Al/Si spherical particles, (b) Al/Si eutectic layer, (c)
epitaxial BSF layer, and (d) silicon substrate. These regions will be explored in
more detail in order to develop a compact model of the Al/Si screen-printed inter-
face contact. The yellow rectangular region (Fig. 4.48a) identifies the location and
the spot area for a series of finite areas EDX composition scans from the Si substrate
to the top of the Al/Si eutectic region. Curve-fitted concentrations of Al and Si
(Fig. 4.48b) and O (Fig. 4.48c) from the top of Al/Si eutectic to the Si substrate cor-
respond to depth variation of ~ 7 pm. The Al/Si eutectic region exhibits rapid reduc-
tion in Al concentration from its maximum value to ~ 12%. Immediately below the
eutectic layer lies the Al-doped Si region which consists of two parts: the epitaxial
layer and the Si substrate; the width of the entire Al-doped region is ~ 4 pm. The
width of the Al-doped epitaxial layer, identified by its contrast in Fig. 4.48a, is
approximately 2 pm. It is also identifiable through the variation in O concentration
(Fig. 4.48c). The O concentration varies by a factor of 3 indicating some growth of
Al O; and Si0, during the cooling down phase, since in pure Si substrate, O concen-
tration inside Si is below the resolution limit of the EDX measurement system
employed here. The widths of the Al-doped region measured in Fig. 4.48 and
Table 4.13 are in good agreement with the reported work in literature.
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Fig. 4.48 SEM image of screen-printed Al/Si contact annealed at 900 °C (a) identifying four dif-
ferent regions from the top to bottom: cured Al/Si paste, Al/Si eutectic region, epitaxially grown
Al-doped BSF layer, and Si substrate; (b) concentrations of Al and Si across the Al/Si eutectic and
Al-doped BSF regions and O concentration across the same regions (c)
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High Al concentrations as a function of depth can’t be explained by diffusion mod-
els [25]. Figure 4.49 plots calculated Al diffusivity in Si (Fig. 4.49a) and its concentra-
tion variation inside Si as a function of temperature and depth (Fig. 4.49b), respectively;
Al-diffusion time was 20 s. Simulations reveal Al diffusivity enhancement by almost
six orders of magnitude as temperature is increased from 600 °C to 1000 °C. In con-
trast, even for the highest diffusion temperature, Al depth inside Si extends to less than
0.5 pm. Thus, higher Al concentration observed in Fig. 4.48 can only be attributed to
epitaxial regrowth of Al-rich Si during cool down phase as excess Si is ejected out of
rapidly cooling Al paste. The annealed paste region at the top of Al/Si alloyed region
with varying distributions of Si concentrations supports this conclusion.

4.8.5 Resistivity Variation

Lowest contact resistivity was observed with quartz tube annealing. In contrast to
the RTA furnaces, heating in quartz tube proceeds in quasi-steady-state fashion.
Structural analysis reveals that steady-state heating facilitates formation of thin
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Fig. 4.49 Diffusivity of Al as a function of temperature (a) and Al doping concentration variation
inside Si substrate at three different temperatures (b)
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continuous Al/Si films sandwiched between pure Al pastes (Figs. 4.50a and b)
enabling reduction in resistance. Slow and steady thermal ramp rates facilitate
merging of individual Al spheres into large (~ 20 x 30 pm?) grains (Fig. 4.50c),
which again reduces resistance due to lower density of grain boundaries. The lines-
can concentration scans (Figs. 4.50d—f) of the SEM images reveal this with better
clarity. Silicon distribution across the paste regions is localized and exists uniformly
across the entire width of the Al paste.

Based on the measurements and analysis presented above, a phenomenological
model of the screen-printed Al/Si interface is presented in Fig. 4.51. Five distinct
separate regions are identified and briefly described below.

(1) Sintered paste region consisting of Al/Si spheres with varying shapes and
dimensions and Si/Al concentrations. The Al/Si spheres consist of a core of
pure Al embedded in thin shells of Al,Ozand SiO.,.

(i1) Voids in the paste and Si/Al interface regions arising from overlaps between
spheres of varying diameters.

(iii) Al/Si eutectic region with rapid concentration gradient from paste to substrate.
(iv) Al-doped back surface region consisting of epitaxial layer.

(v) Lightly, Al-doped Si substrate with Al concentration below the resolution

limit of EDX.
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Fig. 4.50 SEM images of Si and Al films embedded within the aluminum paste (a, b), large Al
grains from merging of individual spheres (¢) along with their respective linescans (d—f) across the
indicated yellow lines; insets with green lines indicate direction of linescans
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Al-doped, BSF Region
Si Substrate

Fig. 4.51 Model of screen-printed Al/Si contact formed by thermal annealing

The width of Al/Si eutectic regions is a strong function of temperature and time.
In quartz tube configuration, the wafer spends almost twice as much time in com-
parison with RTA furnace at a slower rate of temperature change. This type of ther-
mal process leads to more uniform Al/Si eutectic regions with larger thicknesses
and lower sheet resistances.

4.8.6 Summary of Al/Si Interface

Key feature of the Al/Si contact interface relates to thermal ramp rate. The rate of
cooling down, in particular, has a significant impact on epitaxially grown Al-doped
films. If the rate of thermal change is too fast, the eutectic region is likely to consist
of higher Si concentration since some of melted Si will be sandwiched between Al
pastes. Figure 4.52 clearly illustrates this in the RTA-annealed Al paste at 900 °C
peak firing temperature. The SEM and concentration scan measurements of Al/Si
interface exhibit a eutectic region with trapped sub-pm Si crystallites with some of
them extending to the interface. The presence of such structures supports the pro-
posed model in terms of growth mechanisms as well as increased resistivity. Longer
time duration enables formation of uniform Al-doped epitaxial layers below Al/Si
eutectic region.

4.9 Morphological Analysis of Ag/Si Interface

A physical model of the Ag/Si contact interface based on extensive morphological
and compositional analysis is presented.
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Fig. 4.52 SEM image of the annealed Al paste/Si interface exhibiting eutectic region (a) and its
elemental EDX analysis (b)

4.9.1 Microstructural Analysis of RTA-Annealed Interface

Figure 4.53 displays cross-sectional schematic view of Ag/Si contact interface
(Fig. 4.53a) and low-resolution SEM picture of screen-printed Ag paste
(Fig. 4.53b) after drying in air at 150 °C for 10 min. The pre-annealed Ag paste
consists of spherical Ag spheres with diameters in ~ 0.1-2-pm range inter-
spersed with randomly distributed PbO, and SiO, pockets (dark regions in
Fig. 4.53b).

For ease of comparison, only samples at lowest and highest temperatures are
presented. Figure 4.54 displays cross-sectional low- and high-resolution SEM
images of thermally annealed Ag/Si interface at peak temperatures of 640 °C (a
and b) and 800 °C (c and d) conveyor belt RTA furnace. At 640 °C temperature,
the Ag/Si contact is not uniform across the interface and is interspersed with
high density of voids at Si interface (Fig. 4.54a). Higher magnification SEM
image (Fig. 4.54b) reveals a continuous Ag/Si alloyed region. The yellow lines
in SEM images identify direction and length of electron diffraction elemental
detection scans discussed later in this section. At 800 °C temperature, the Ag/Si
contact exhibits superior uniformity with negligible distribution of voids
(Fig. 4.54c). Higher magnification SEM image (Fig. 4.54d) illustrates emer-
gence of glass films sandwiched between paste and Si substrate as well as Ag-Si
alloyed contact; small spherically shaped features are also observed at the inter-
face with Si substrate.
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Fig. 4.53 Cross-sectional diagram of the screen-printed TLM pattern on an n-doped Si wafer used
in this study (a) and low-resolution SEM image of screen-printed silver paste after drying (b)

=

Fig. 4.54 Cross-sectional scanning electron microscope (SEM) images at low and high resolu-
tions of Ag/Si alloyed contact interfaces at 640 °C (a, b) and 800 °C (¢, d); yellow lines indicate
linescan
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4.9.2 Microstructural Analysis of Quartz
Furnace-Annealed Interface

Figure 4.55 displays low- and high-resolution cross-sectional SEM images of Ag/
Si contact interface annealed at 850 °C and 925 °C in quartz tube furnace. At
850 °C, the Ag/Si contact is mostly uniform with vastly reduced void density
(Fig. 4.55a) in contrast with the 640 °C horizontal RTA contact. The Ag paste is
sintered uniformly with larger-sized islands intimately connected to each other.
Higher magnification SEM image (Fig. 4.55b) reveals presence of thin glass
regions sandwiched between Ag paste and Si interface. At 925 °C, the Ag/Si inter-
face consists mainly of regions with empty spaces (voids) and with glass film
(Fig. 4.55¢). At the interface with Si substrate, Ag paste appears to make contact
through the glass film (Fig. 4.55d). The thickness of Ag/glass/Si alloyed region
varies broadly, and presence of small spherically shaped features at Si substrate is
also observed (Fig. 4.55d).

4pm
1 | SE MAG: 15008 x HY: 10.0 KV WD: 22.8 mm

Fig. 4.55 Cross-sectional SEM images at low (a) and high (b) resolutions of Ag/Si alloyed con-
tact interfaces at 850 °C (a, b) and 925 °C (¢, d) in quartz furnace; yellow lines indicate linescans
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4.9.3 Compositional Analysis of Annealed Interface

Compositional analysis of the metal contact interface regions is carried out with the
Hitachi SU-8320 FE-SEM; details have been described in Section 4.9. In accor-
dance with linescan locations identified in SEM images (Figs. 4.54 and 4.55), Ag
and Si elements were detected across the contact interface. Figure 4.56 plots a typi-
cal linescan measurement for Ag/Si contact annealed at 900 °C. A total of 100
measurements were acquired along the 4.5-pm linescan resulting in position resolu-
tion of ~ 0.045 pm. The plotted data (red triangles) describe concentration gradients
of both Si and Ag across the interface region. Concentrations of Si and Ag are high-
est deep in the wafer and paste regions, respectively. In order to accurately measure
the width of the Ag/Si interface regions, experimentally measured data was curve-
fitted (black line in Fig. 4.56a) with nonlinear regression based on sigmoidal,
Gompertz, and four-parameter equation given by

f(x)zyo+a><exp(—exp(—(x—xu)/b)) (4.32)
where the constants are given by

Minimum Maximum
a —26.6881 80.0643
b —-2.8257 0.9419
Xy —2.5336  7.6008
yo —0.3551 1.0654

The experimental data (red triangles) plotted in Fig. 4.56a along with the nonlin-
ear fit (black line) are in excellent agreement. In all subsequent EDX measurements,
curve-fitting was carried out using this process with convergence of 99.5%. This
method is applied to determine concentration profiles for all annealing profiles.
Figure 4.56b plots concentration gradients of RTA Ag/Si contacts. The Ag
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Fig. 4.56 Energy-dispersive X-ray (EDX) linescan analysis of a Ag/Si alloyed contact: red trian-
gles represent experimental data and black line nonlinear fit to the data (a), curve-fitted Ag/Si
concentration variations at 640 °C and 900 °C in RTA (b), and the same in quartz tube configura-
tion at 850 °C and 925 °C (c¢)
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Table 4.14 Widths of Ag/Si Temperature/Configuration (°C) | Width (um)
interface regions in RTA and 640/RT A 0.9
quartz tube configurations .
850 Quartz Tube 2.4
900/RTA 1.9
925 Quartz Tube 3.1

concentration slopes appear identical across the interface region at both the lowest
(640 °C) and the highest (900 °C) temperatures; Si slopes are significantly different.
The widths of the interface regions measured at the bottom part of each graph have
been listed in Table 4.14. The Ag/Si contact region width increases by a factor of 2
as temperature is increased by a factor of 1.4. Figure 4.56¢ plots concentration gra-
dients for Ag/Si contacts annealed in the quartz tube furnace. The slopes of Ag
appear identical across the interface region at both the lowest (850 °C) and the high-
est (925 °C) temperatures; Si slopes are significantly different. The widths of the
interface regions measured at the top part of each graph have been listed in
Table 4.14. The Ag/Si contact region width increases by 1.3 as temperature is
increased by a factor of 1.1.

In order to understand the physical mechanisms underlying the Ag/Si contact, it
is necessary to examine paste constituents. The composition of commercial silver
paste continuously evolves to keep up with evolving solar cell configurations.
Figure 4.53b illustrates structural morphology and composition of pre-annealed Ag
paste to serve as a baseline for comparison as its morphology and composition vary
with temperature. Most significant impacts are detected at highest temperature of
900 °C and have been extensively investigated. Figure 4.57a displays SEM image of
Ag/Si interface following RTA process at 900 °C which reveals that the Ag spheres
have coalesced to form large-grained (~ several pms) metal films intermixed with
empty voids and glass films. Glass films of variable thickness are sandwiched
between Ag metal and underlying Si substrate. This process is also accompanied by
formation of large “Ag” crystallites distributed within the glass as well as at Si sub-
strate. The EDX analysis of two principal constituent parts, i.e., the Ag paste and
glass, was carried out. Figure 4.57b plots EDX measurements of the Ag regions for
pre-annealed (black line) and annealed (red line) Ag pastes; concentrations of vari-
ous elements have been summarized in Table 4.15. It is noted that the compositions
are almost identical except for detection of phosphorous (P) signal. Figure 4.57c
plots EDX measurements of glass regions for both pre- and post-annealed pastes;
concentrations of various elements have been summarized in Table 4.16. Significant
differences were observed. At 900 °C, the concentration of Si is increased by almost
a factor of 3 and that of Ag reduced by a factor of 5; phosphorus has also been
detected. As metal paste is thermally annealed, paste/Si interface structure evolves
into the following six distinct regions:

(i) Ag-silicide region.
(ii) Silver paste/glass/Si interface.
(iii) Glass regions within coalesced silver paste.
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Fig. 4.57 Cross-sectional, low-resolution SEM image of Ag/Si contact annealed at 900 °C (a) and
its EDX analysis in silver paste region (b) and glass regions (¢) for pre-annealed (black line) and

annealed (red

lines) cases

Table 4.15 Composition variations in Ag paste at 150 °C and 900 °C

Element Concentration range at 150 °C (%) Concentration range at 900 °C (%)
(0] ~1-2 ~15

Si ~0.4-6 ~0.5-3

P ~0 ~0.1-0.6

Pb ~0 ~0

Ag ~93-99 ~97

Table 4.16 Composition variations in glass at 150 °C and 900 °C

Element Concentration range at 150 °C (%) Concentration range at 900 °C (%)
(0] ~12-18 ~12

Si ~3-9 ~26

P ~0 ~0-0.7

Pb ~ 0-60 ~30

Ag ~8-79 ~15




4.9 Morphological Analysis of Ag/Si Interface 177

(iv) Empty voids within coalesced silver paste.

(v) Si films trapped within surfaces of coalesced silver paste.

(vi) Nano- and microscale crystallites randomly distributed within glass and Si
substrate interface.

For the sake of simplicity, glass regions (iii) and empty spaces or voids (iv)
within the paste can be ignored since their impact on current transport is minimal.
The regions in paste critical to low-resistance contact formation include Ag/Si sili-
cide part (i), silver/glass/Si part (ii), Si films in paste (v), and the crystallite struc-
tures (vi). The following subsections will provide a detailed analysis of all these
regions in order to develop a compact model of the Ag/Si contact.

4.9.4 Phenomenological Model

An extensive, chronological review [26—40] of silver screen-printed contact to
n-doped Si substrate reveals a generalized consensus on the following aspects:

(i) Silver paste has two constituents: randomly shaped microscopic Ag particles
and glass frit.

(i1) During ramp-up and steady-state thermal processes, glass frit melts and etches
silicon nitride anti-reflection film to facilitate contact between Ag and Si.

(iii) During ramp-up and steady-state thermal process, chemical reactions take
place to dissolve Ag nanometer (nm)-scale particles in glass frit and deposit on
the Si surface.

(iv) During ramp down process, crystalline Si/Ag crystallites are formed at paste/
glass/Si interface and glass frit.

(v) Current transport between Ag paste and Si wafer takes place through a combi-
nation of multiple mechanisms including tunneling through the glass/Si and
glass/Ag crystallites/Si interfaces.

Despite extensive body of work, there is no consensus on how exactly Ag parti-
cles are dissolved in glass; how are they crystallized; what are their sizes, geometri-
cal shapes, and compositions; at what temperature they are formed; where are they
located; and what is the dominant current transport mechanism? The work pre-
sented here develops a coherent phenomenological model of the silver screen-
printed contact to explain all of the key features based on reliable and relevant
electrical, morphological, and composition data. The phenomenological model
developed here is based on the following assumptions:

(i) During ramp-up and steady-state heating, Si diffuses into the glass and sil-
ver paste.
(i1) During ramp-up and steady-state heating, silicon and nm-scale Ag particles are
intermixed due to their lower melting points.
(iii) During cooling down, excess Si is rejected, some of which is redeposited on
the Ag paste.
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(iv) During cooling down, a fraction of excess Si forms epitaxial structures with
varying Ag and Si concentrations in different sizes and shapes randomly dis-
tributed inside the glass film and at Si substrate.

Figure 4.58 represents a schematic diagram of this phenomenological model of
the screen-printed Ag/Si contact to the n-doped Si substrate. It identifies several key
features such as voids and glass frit in the paste as well as Si (identified as red
regions). For ohmic contact, the three distinct regions have been identified and
briefly described below.

(i) The alloyed Ag-silicide contact (Region 1) whose specific concentration pro-
files were described in Figs. 4.56b and c and Table 4.14; for this region, there
is virtually no glass film between Ag and Si.

(i) The metal-insulator-silicon (MIS)-type contact (Region 2) where a glass film
is sandwiched between Ag paste and Si substrate; based on process parame-
ters, the glass film may or may not contain nm-scale Ag particles.

(iii) The MIS type of contact (Region 3) in which glass and Ag/Si crystallites are
sandwiched between silver paste and silicon substrate.

Synthesis and compositional details of these regions are described below.

4.9.5 Silver Silicide Alloyed Contact

A significant factor in Ag/Si contact formation relates to the abrupt Ag/Si alloyed
interface. As part of thermal processing, Ag paste forms an ohmic contact through
an alloyed silicide structure with the n-doped surface [41]. The resistivity of this
contact is a sensitive function of doping profile, i.e., surface concentration and
depth. In this study, doping profile and silver paste were identical; only thermal
profiles were varied. Scanning electron microscope profile measurements (Fig.4.54)
for RTA configuration reveal Ag/Si interfaces mostly devoid of glass films. In con-
trast, for the quartz tube configuration at 850-925 °C temperatures, SEM measure-
ments reveal presence of glass films at the interface between paste and Si substrate

Fig. 4.58 Phenomenological
modeling for current transport
mechanisms in Ag/Si ohmic
contact on n-doped Si substrate
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(Fig. 4.55). A comparison of resistivity measurements in RTA and quartz tube con-
figurations reveals the following:

(i) In 640-800 °C temperature range in RTA configuration, resistivity is reduced
by three orders of magnitude (Fig. 4.36a).

(i1) In 700-875 °C temperature range in quartz tube configuration, resistivity is
invariant (Fig. 4.34).

It appears that Ag/Si silicide contact annealed in quartz furnace exhibits high
resistance. The paste/glass/Si interfaces formed in RTA furnace exhibit lower resis-
tance. Higher density of Ag/Si crystallites in RTA-annealed contacts appears to
reduce contact resistance. Since silicide based on Ni is far more efficient [42], it is
also likely that paste manufacturers incorporate some Ni into paste chemistry since
it has been detected through EDX analysis (Fig. 4.57c¢).

The mechanism of Ag-silicide formation is not clear. Based on diffusion analy-
sis, Ag diffusivity and diffusion profiles can be calculated [43—46]. Figure 4.59a
plots Ag diffusivity as a function of temperature in 600-1000 °C range; diffusion
time of 60 s was assumed. In temperature range of interest ~ 640-925 °C, diffusivity
increases by almost two orders of magnitude. The Ag profiles based on diffusivity
calculations, plotted in Fig. 4.59b, exhibit little concentration variation, and its
depth inside Si is far less than measured in Figs. 4.56b and ¢ and Table 4.14. The
solubility of Ag in Si is also minimal below Ag/Si eutectic temperature of
937 °C. The penetration of metallic impurities has been investigated by Craen et al.
in screen-printed solar cells using secondary ion mass spectrometry (SIMS) [47].
Surface concentration levels and penetration depth could not be attributed to diffu-
sion. It appears that migration of Si into Ag paste is mostly responsible for silicide
formation.
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Fig. 4.59 Plots of calculated silver diffusivity (a) and its penetration depth (b) in Si at three dif-
ferent temperatures
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4.9.6 Silicon Diffusion into Silver Paste

In a low (<400 °C) temperature study on metal/Si interfaces, it was observed that Si
atoms migrated into metal films at well below their eutectic points [48]. This was
attributed to interaction of Si with metals at the interface with <111> crystal orienta-
tion as the preferred one. With respect to silver screen-printed contacts in solar cells,
the reported work in reference [34] is particularly relevant. SIMS analysis of Si
surfaces after metallization reveals reduction in P concentration attributed to Ag/Si
alloy formation. In reference [32], intermigration of silicon between substrate and
Ag crystallites was observed following forming gas annealing at 475 °C. This loss
of Si led to physical gaps between Ag crystals and underlying Si substrate leading
to higher contact resistance. Finally, the most recent work in 2017 [41], based on
nano-SIMS analysis, reported on almost complete removal of phosphorus from the
emitter region. This work also suggests that EDX method is not sensitive enough to
detect P, hence the requirement for nano-SIMS. This assumption is in contrast with
work presented here in which P has been reliably detected and validates migration
of Si film into Ag paste and glass regions.

Detection of elements in EDX is a function of the incident electron energy and
electron beam cross-sectional area. In shallow emitters (~ 50 Q/sq), phosphorous
signal detection beyond noise limit (< 0.1%) is difficult. In heavily doped emitters
(~ 20 Q/sq), phosphorus is reliably detectable over a broad range. Phosphorous
signal is even stronger for n-doped SiO, films on n-doped wafers. Figure 4.60 plots
signal EDX analysis of O, Si, and P from the n-doped SiO, films (black line) and
Ag/Si structures (red line plot is discussed in the next section). The P signal is well-
defined and significantly lower (< 6 x) than that of Si. For SiO, films, EDX analysis
reveals O signal approximately 1.6 times higher for experimental measurement
parameters used in this study. This O/Si concentration ratio is in good agreement
with the glass region at 150 °C. Si migration into the paste is likely to be a function
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Fig. 4.60 EDX analysis of phosphorous-doped SiO,/Si interface at normal incidence (black line);
red line represents signal from Ag/Si crystallites (discussed later in text)
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Fig. 4.61 EDX analysis of Si films close to Ag/Si (a) and Ag/air (b) interfaces

of distance from the paste/Si interface. Figure 4.61 plots EDX analysis of paste
regions with significant Si close to Si substrate (Fig. 4.61a) and close to air/paste
interface (Fig. 4.61b); concentration ranges have been summarized in Table 4.17. It
is noted that Si concentration is significantly higher than O, and the ratio of Si/O
varies in approximately 3-5 range. Similarly, P concentration in ~ 0.8-2.5% range
is well above the EDX detection limit. Therefore, the signature of Si detected in the
paste region is distinct from the SiO,, and the detection of P from these films is a
sufficient proof of Si migration from the doped surface region into the paste.
Figure 4.62 plots P concentration as a function of Si (Fig. 4.62a) and Ag (Fig. 4.62b);
P concentration is highest at the Ag/Si and lowest at Ag/air interfaces. The increase
in Si concentration by a factor of 3 as well as detection of P in glass summarized in
Table 4.15 corroborates this migration process. The EDX measurements in
Figs. 4.60—4.62 and concentrations in Tables 4.15—4.17 offer convincing proof of
P-doped Si film migration into the paste.

4.9.7 Micro- and Nano-Ag/Si Crystallite Growth

During thermal processing (ramp-up and steady-state heating), n-doped Si migrates
into Ag paste as the paste itself coalesces and reshapes itself into larger sizes.
Simultaneously, glass frit melts and redistributes itself across the paste/Si inter-
faces. The physical behavior is based on the following chemical reactions:

(Si+2MO, —2M +, SiO, (4.33)
4Ag+0, —2Ag,0 (4.34)

2Ag,0 +Si — Si0, +4Ag (4.35)
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Table 4.17 Composition Element | Concentration range (%)
variations  of  constituent
. (0] ~2-9
components in Ag paste -
at 900 °C Si ~ 742
P ~0.8-2.5
Pb ~28-33
Ag ~24-89
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Fig. 4.62 EDX analysis of phosphorous variation as a function of Si (a) and Ag (b) concentrations
in Si films on Ag paste; black line represents linear fit to the experimental data points (red triangles)

Based on findings described above, a simple model for synthesis of “Ag” crystal-
lite structures, illustrated in Fig. 4.63, is proposed. During ramp-up and steady-state
heating, extensive intermixing of Ag and Si takes place in liquid state. During ramp-
down process, the silver/silicon liquid solution starts to solidify. Lack of Si solubil-
ity inside Ag requires excess Si rejection that regrows epitaxially and to a lesser
extent oxidizes inside the paste, glass, and substrate regions. Inside the glass and on
Si substrate, Ag/Si crystalline structures are formed with varying concentrations.
The Ag/Si crystallites broadly vary in dimensions and shapes and are distributed
within the glass and on the Si substrate. This hypothesis is supported by relevant
work presented here and supported by similar work reported in literature.

The bulk melting points of Ag (961.8 °C) and Si (1414 °C) are far higher than
silver paste annealing temperatures. In retrospect, it has been demonstrated that
melting points are size-dependent and are substantially lower than their bulk values
[49-51]. In reference [49], Au films, deposited on micro- and nanoscale Si struc-
tures, were annealed in air under steady-state conditions. In Au/Si microstructures,
conventional Au/Si alloyed features were formed. In contrast, in Au/Si nanostruc-
tures, crystalline Au spheres embedded in SiO, wires were observed. This was
attributed to vapor-/liquid-/solid-phase epitaxial growth mechanisms. During
steady-state cool down process, excess Si from Au/Si eutectic melt is slowly rejected
and converted into SiO, nanowires encasing Au spheres. In reference [50], nanoscale
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Fig. 4.63 Simplified model for synthesis of Ag/Si crystallites; red regions indicate phosphorous-
doped Si and blue regions Ag

Ag films were annealed and their melting points were determined to be as low as
425 °C. Inreference [51], growth of Ag nanoscale crystalline structures was reported
inside Si under steady-state heating conditions at 750 °C. In silver screen-printed
paste formation on solar cells [35], transmission electron microscope analysis
revealed formation of an Ag/Si epitaxial superlattice with <111> interface. Silicon
atoms were distributed inside the Ag crystalline lattice; density of Si atoms near the
surface was negligible. In reference [35], TEM studies only elaborate on epitaxial
growth of Ag crystallites inside the glass matrix. The highest temperature during
thermal annealing was approximately 750 °C.

Figure 4.64 displays SEM images of glass/Si interface regions with Ag/Si crys-
tallite structures over 640-900 °C temperature range. The Ag/Si crystallites are
observed at temperatures as low as 640 °C (Fig. 4.64a); however, these are usually
spheres with diameters in ~ 10—100-nm range. The crystallites are distributed within
the glass as well as on the Si substrate (Figs. 4.64b and ¢). When the temperature is
increased to 900 °C (Fig. 4.64d), Ag past parameters including density, size, shapes,
and distribution are also significantly modified in agreement with the proposed
model (Fig. 4.63). Detailed investigation of various Ag/Si crystallites, in order to
determine their composition and elemental distribution, is described below.

Figure 4.65 shows EDX elemental mapping of an elliptical-shaped Ag/Si struc-
ture formed on the Si substrate; the SEM image is shown as the black/white image
at the lower right bottom corner. Elemental mapping indicates that O, P, and Pb are
uniformly distributed across the Ag/Si crystallite. The central region of the Ag/Si
crystal is dominated by Ag with a slightly higher concentration Ag gradient at the Si
interface. Si concentration is minimal at the center and significantly high at the
edges. EDX linescan analysis of Ag/Si crystallite parallel (Figs. 4.66a and c¢) and
perpendicular to Si substrate (Figs. 4.66b and d) provides precise compositional
information. The highest and lowest concentrations are at the center for Ag (red
line) and Si (black line), respectively; at the edges, almost equal Ag/Si concentra-
tions are observed (Fig. 4.66¢). The EDX linescan elemental mapping perpendicu-
lar to Si substrate (Fig. 4.66d) reveals that the highest and lowest concentrations are
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Fig. 4.64 SEM images of the Ag/Si/glass/Si interface regions illustrating widely different geo-
metrical shapes, sizes, and locations of Ag/Si crystallites inside interface glass and at the glass/Si
interface over broad temperature range: (a) 640 °C, (b) 800 °C, (¢) 860 °C, and (d) 900 °C

at the center for Ag (red line) and Si (black line), respectively. At the edges, Ag/Si
concentrations, although approximately comparable, appear asymmetric with
higher, almost by a factor of 2, concentrations at the Si substrate.

A large number of Ag/Si crystals of varying sizes and shapes were investigated
with finite area EDX analysis on account of its higher resolution and sensitivity. No
correlation of size with composition was observed. Figure 4.67 plots EDX measure-
ments of three types of crystals with respect to Ag concentrations in Ag/Si crystal-
lites: high (Fig.4.67a), comparable (Fig. 4.67b), and low (Fig. 4.67¢); in all cases, O
concentration is minimal indicating absence of SiO, films; P was also detected. A
summary of concentration variations in various Ag/Si crystal structures has been
summarized in Table 4.18. Both Si and Ag concentrations vary over a broad range;
O concentration range is similar to that observed in glass and Si in glass. Perhaps
the most significant finding is enhancement in P signal by a factor of 2 in compari-
son with Si in Ag paste. The variation in P as a function of Si (Fig. 4.68a) and Ag
(Fig. 4.68b) concentrations reveals that P increases linearly with Si and decreases in
the same manner with Ag. Since almost all Ag/Si crystals are located within close
proximity of Si interface, P concentration is expected to be higher than for Si located
further away from Si interface.
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Fig. 4.65 EDX concentration maps of Ag, Si, P, O, and Pb of the Ag/Si crystallite at glass/Si
substrate interface whose SEM image is shown in the bottom right picture; annealing was done at
900 °C in RTA configuration

4.9.8 Resistivity Variation with Glass Composition

Contact resistivity is significantly lower in RTA furnace in comparison with the
quartz tube configuration. SEM and EDX measurements of contact interfaces in
both configurations suggest critical role of Ag/Si crystalline structures inside the
glass matrix. The lowest resistivity contacts are for Ag/composite glass with Ag/Si
crystals/Si interfaces. The density of Ag/Si crystals and the thickness of the glass
layer significantly influence the contact resistivity. This effect has been investigated
for thick and thin glass films. Figure 4.69 plots EDX linescan mapping of Ag (red
line in Fig. 4.69¢) and Si (black line in Figs. 4.69¢) concentrations across a thick
(~ 1.5 pm) glass film sandwiched between the paste and Si substrate (Fig. 4.69a) in
RTA configuration. It is observed that the concentration of Ag is negligible inside
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Fig. 4.67 EDX analyses of Ag-rich (a), comparable Ag and Si (b), and low Ag concentration (c)
in Ag/Si crystallites

the glass region; large increase in Ag at the Si interface is due to the growth of Ag/
Si crystal. Figure 4.69 (b and d) plots EDX linescan mapping of Ag (red line in
Fig. 4.69d) and Si (black line in Fig. 4.69d) concentrations across a thin (~ 0.3 pm)
glass film sandwiched between the paste and Si substrate (Fig. 4.69b). It is observed
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Table 4.18 Composition Element | Concentration range (%)
variation in Ag/Si crystallites 3.1
at 900 °C O 13
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Fig. 4.68 Variation of phosphorus as a function of Si (a) and Ag (b) concentrations in Ag/Si crys-
tallites; black line represents linear fit to the experimental data points (red triangles)

that the concentration of Ag remains invariant within the glass interface indicating
presence of high density of Ag/Si crystals and reduced to insignificant values inside
the glass region; large variation at paste/glass and paste/Si interfaces are attributed
to presence of Ag/Si crystals. Therefore, contact resistivity increases with increased
glass thickness and reduced density of Ag/Si crystalline structures.

Similar Ag/Si contact interface measurements were carried out in quartz tube
configuration. Figure 4.70 plots EDX linescan mapping of Ag (red line in Fig. 4.70c)
and Si (black line in Fig. 4.70c) concentrations across a thick (~ 1.5 pm) glass film
sandwiched between the paste and Si substrate (Fig. 4.70a); the peak temperature
was 850 °C. It is observed that the concentration of Ag is insignificant inside the
glass region; concentration of Si also exhibits a steep gradient inside the glass region
with concentration decreasing from its highest value of ~ 30% at Si/glass to near
zero at glass/paste interface. There is also no indication of Ag/Si crystalline struc-
tures. Figure 4.70 also plots EDX linescan mapping of Ag (red line in Fig. 4.70d)
and Si (black line in Fig. 4.70d) concentrations across a thin (~ 0.5 pm) glass film
sandwiched between the paste and Si substrate (Fig. 4.70b); the peak temperature
was 925 °C. Concentration of Ag was reduced by a factor of 6 in comparison with
its value in the paste. Concentration of Si exhibits slight gradient inside the glass
region with concentration decreasing from its highest value of ~ 15% at Si/glass to
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Fig. 4.69 SEM images of thick (a) and thin (b) glass films sandwiched between Ag paste and Si
substrate and their respective Si and Ag concentration variation across the interface identified by
yellow lines in (¢) and (d); annealing was carried out in RTA configuration at 900 °C

about 10% at glass/paste interface. There is also evidence of randomly distributed
nanometer-scale Ag/Si crystalline structures at the Si interface.

Large contact resistivity variation in horizontal configuration from 850 °C to
925 °C is attributed to synthesis of Ag/Si crystallites within the glass and at Si inter-
face. The increase in contact resistivity at higher temperatures is attributed to a
combination of three factors:

(i) Migration of heavily doped n-Si in the emitter region to Ag paste and Ag/Si
crystallites.
(i1) Migration of Si to glass and surfaces of Ag paste.
(iii) Formation of thicker glass films with reduced density of Ag/Si crystallites.

Thermal oxidation of Si is a well-known function of temperature [52]. At tem-
peratures below 700 °C, oxidation rate is insignificant; however, at temperatures
over 850 °C and higher, it is as high as 10-20 nm/min. This rate would be higher for
thin Si films with large surface areas. Therefore, a slow rise in contact resistivity at
higher temperatures is attributed to oxidation of Si surfaces in paste and Ag/Si
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Fig. 4.70 SEM images of thick (a) and thin (b) glass films sandwiched between the silver paste
and silicon substrate and their respective Si/Ag concentrations in vertical configuration at 850 °C
(a, ¢) and 950 °C (b, d)

crystallites. Although silver is oxidized as well, it does so through a self-limiting
process and is at substantially lower temperature; therefore, it is not expected to
play a key role in increased contact resistivity [53].

4.10 Al/Si Contact Resistance in Vertical Configuration

In order to validate Al/Si contact interface model developed in Sect. 4.8, resistance
measurements were also carried out in vertical configuration (Fig. 4.6). Figure 4.71
plots current-voltage measurements of screen-printed Al paste on both front and
rear surfaces of 200-pm-thick p-type Si wafer. For these measurements, contacts
were annealed in quartz tube furnace (Fig. 4.14) at 750 °C at hold times in 10-60-s
range. Current-voltage response was observed to be linear with reduction in total
resistance with increasing time. Measured total resistance, Ry, variation from Fig. 4.71a
plotted as a function of time in Fig. 4.71b reveals logarithmic response with 93%
accuracy. By neglecting Rg; in Eq. 4.4.19, contact resistance, R, is simply given by
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Fig. 4.71 Current-voltage measurements as a function of time for vertical Al/p-Si contact at
750 °C (a) and resistance variation with time (b)

R1/2 and is ~ 0.6 Q. Measured R¢ value in vertical configuration is in good agree-
ment with Rc¢ values measured in TLM configurations (Figs. 4.17, 4.27, and 4.28
and Table 4.5). Therefore, in accordance with the proposed Al/Si contact model
described above, increasing annealing time at fixed temperature leads to thicker
Al-doped layers, hence the approximately linear reduction in resistance.

4.11 AV/Si Interface After Al Removal

Vertical resistance measurements of Al/Si contacts in Fig. 4.71 include both the Al
paste and the Al/Si eutectic region (Fig. 4.51). By etching Al film, influence of the
Al-doped epitaxial layer and Al-doped Si substrate can be examined. Figure 4.72
displays SEM images of Al/Si interface after removal of excess Al in HCI solution.
Figure 4.72a shows boundary between Si and A/Si regions. The reduced depth (~
10 pm) in Si/Al region is attributed to Al/Si intermixing described in Sect. 4.8.6.
Figure 4.72b and 4.72c¢ reveal varying surface features formed during Al/Si epitax-
ial growth process. Figure 4.72d displays cross-sectional image of Al-doped Si epi-
taxial film growing from the Si substrate; the thickness of this layer is estimated at
~ 3 pm. Figure 4.73 describes EDX linescan analysis of the Al/Si interface. Al and
O concentrations increase close to the surface similar to that observed in Fig. 4.48.
Overall, the Al/Si interface features, after removal of Al, observed in Figs. 4.72 and
4.73 are in good agreement with the Al/Si model described in Sect. 4.8. Resistance
measurements of Al/Si interfaces after Al removal were carried out by screen print-
ing polymer-based Ag paste [54]. This Ag paste is highly conductive and is annealed
at 150 °C for 10 min. Figure 4.74 plots resistance variation as a function of time at
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Fig. 4.72 SEM profiles of Al/Si contact interface after removal of Al illustrating formation of
epitaxial growth through high temperature intermixing of Al and Si: (a) boundary between Al and
non-Al regions, (b) epitaxially grown thin-film bridge, (¢) post and spherical Al-doped film (c),
and (d) cross-sectional image of epitaxial film growing from the Si substrate

fixed 750 °C temperature; Ry and R values have been listed in Table 4.19. Resistance
response is logarithmically similar to that of Al paste (Fig. 4.71b). Both R and Ry
resistances are higher presumably due to Ag-polymer/Al-doped surface contact
resistance. Approximate linear reduction in resistance is attributed to thicker
Al-epitaxial and Al-doped layers as increased annealing time.

4.12 Ag/Si Contact Resistance in Vertical Configuration

In order to further validate Ag/Si screen-printed model developed in Section 4.9,
resistance measurements were carried out in vertical configuration (Fig. 4.6).
Figure 4.75 plots current-voltage measurements on screen-printed Ag paste on both
front and rear surfaces of 200-pm-thick n*/n-Si wafer; sheet resistance of n* layer
was ~ 100 Q/square. For these measurements, contacts were annealed in quartz tube
furnace (Fig. 4.14) for 10 s at peak temperatures in 750-900 °C range (Fig. 4.15).
Current-voltage response was observed to be linear with reduction in total
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Fig. 4.75 Current-voltage measurements of Ag/Si contact as a function of temperature for fixed
annealing time of 10 s (a) and resistance variation with temperature (b)

resistance with time; the current scale is plotted on logarithmic scale. At peak tem-
peratures in 700-850 °C, barrier height decreases from ~ 0.7 V to 0.1 V as resis-
tance decreases monotonically. Measured total resistance, Ry, variation from
Fig. 4.75a plotted as a function of temperature in Fig. 4.75b reveals logarithmic
response with 97% accuracy. By neglecting Rg; in Eq. 4.19, contact resistance, R,
is simply given by Ry/2 and is ~ 3 Q. Measured R value in vertical configuration is
in good agreement with R values measured in TLM configuration (Fig. 4.34 and
Table 4.5). Contact Ag/Si contact resistivity is a function of doping and increases
with lower doping levels. At fixed doping level, resistance is expected to decrease at
higher temperatures due to the formation of Ag/Si micro- and nanocrystallites.
Therefore, reduction in Ry as a function of temperature is in good agreement with
Ag/Si contact model developed in Sect. 4.9.

4.13 Ag/Si Interface After Ag Removal

Vertical resistance measurements of Ag/Si contacts in Fig. 4.75 include Ag paste,
Ag-silicide, and Ag/Si crystallites (Fig. 4.58). By etching Ag film, influence of the
Ag-silicide and Ag/Si crystallites can be investigated. Figure 4.76 displays SEM
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images of Ag/Si contacts after removal of Ag. Figure 4.76a displays cross-sectional
image of Ag-silicide at Si interface; the thickness of the film is ~ 20 nm. Ag-silicide
is formed uniformly across the surface and its thickness increases only slightly with
annealing temperature. Figures 4.76b and c display cross-sectional images of Ag/Si
crystallites with ~ 40-nm diameter (Fig. 4.76b) at low temperatures (b) and
~ 700-nm-long and 400-nm diameter Ag/Si crystallite at higher temperatures
(Fig. 4.76¢). Figure 4.76d displays varying shapes in Si after removal of Ag/Si crys-
tallites. Figure 4.77a displays SEM image of a multitude of Ag-rich Ag/Si nano-
structured crystallites (diameter ~ 30 nm); EDX concentration analysis of one of the
spheres is plotted in Fig. 4.77b. The concentration profiles of Ag, O, and Si are simi-
lar to those observed before Ag removal (Figs. 4.66 and 4.67); higher O concentra-
tions after removal of Ag may be attributed to formation of native oxide films.
Figure 4.78 displays SEM image of Si surface with and without Ag/Si crystallites;
spectrum 4 and spectrum 6 were identified for EDX analysis in Fig. 4.79. EDX
elemental concentration of region spectrum 4 (Fig. 4.79a) reveals Ag-poor region
similar to that observed in Fig. 4.61. EDX map of spectrum 6 region reveals no Ag
and negligible O concentration since Ag/Si crystallite has been removed. Overall,
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Fig. 4.76 SEM profiles of Ag/Si contact interface after removal of Ag illustrating formation: (a)
thin Ag-silicide at Si/Ag interface, (b) formation of ~ 40-nm diameter Ag/Si crystallites at low
temperatures (b), formation of ~ 700-nm-long and 400-nm diameter Ag/Si crystallite at higher
temperatures, and (d) varying shapes in Si after Ag/Si crystallite removal
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Fig. 4.77 SEM image of (a) Ag-rich Ag/Si nanostructured crystallites (diameter ~ 30 nm) and (b)
its EDX analysis

Fig. 4.78 SEM cross-
sectional image of varying
dimension Ag/Si micro
crystallites identified for
EDX analysis; crystallite
diameters range from ~ 10
to 50 nm

the Ag/Si interface features are in good agreement with the Ag/Si model described
in Sect. 4.9.

Vertical resistance measurements of Ag/Si interfaces after Ag removal were car-
ried out by screen printing polymer-based Ag paste in two configurations described
in Fig. 4.80. In the Ni/Si configuration (Fig. 4.80a, electroless Ni-silicide contact
was formed on n*-doped surfaces at 400 °C annealing for 5 min [55]. For shallow
doping with sheet resistances ~ 100 Q/square, high temperature annealing is not an
effective option and is often replaced by low temperature silicide formation pro-
cesses. In order to compare the performance of Ni-silicide contact with Ag/Si crys-
tallites, Ni electroless contact was also formed on Ag/Si contacts after removal of
Ag (Fig. 4.80Db). Figure 4.81 plots current-voltage measurements for vertical contact
configurations described in Fig. 4.80; for comparison, resistance measurements
from screen-printed samples in Fig. 4.75 have also been included. Total resistance,
Ry, and R¢ have been summarized in Table 4.20; lowest contact resistance is
observed for the Ni/Ag-silicide/Ag/Si crystallite configuration. Resistance
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Fig. 4.79 EDX analysis of SEM image of (a) spectrum 4 and (b) spectrum 6 identified in the SEM
image of Fig. 4.78

measurements reveal that for shallow-doped surfaces, Ni-silicide contact resistance
is approximately 20 times lower than screen-printed Ag contact at 750 °C. Likewise,
Ni-silicide contact with Ag/Si crystallites; contact resistance is approximately 25
times lower than screen-printed Ag contact at 750 °C. Lower contact resistance in
configuration described in Fig. 4.80b is attributed to enhanced conductivity of Ag/
Si crystallites. Therefore, SEM, EDX, and resistance measurements in this section
once again reaffirm the Ag/Si contact model developed in Sect. 4.9.
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Fig. 4.80 Vertical resistance measurement configurations with (a) Ni/Si and (b) Ni/Ag-silicide/
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Fig. 4.81 Current-voltage measurements in three different vertical configurations: high tempera-

ture Ag/n-Si, low temperature Ni/Si, and low temperature Ni/silicide on Ag/Si crystallites after
removal of Ag

Table 4.20 Contact

. ] ! Configuration Ry (Q) R (Q)

res1stance§ in vertical . Ag/750 °C/10's 0 1

configuration on n*/n-Si S

surfaces Ag/900 °C/10 s 6.6 33
Ni/400 °C/15 min 22 1.1
Ni/Ag-silicide/Ag/Si 1.6 0.8
crystallites/750 °C/10 s
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4.14 Final Considerations

An in-depth investigation of electrical, morphological, and compositional charac-
teristics of screen-printed aluminum and silver paste contacts over a broad tempera-
ture range in four geometrically and physically different thermal processing systems
has been carried out. Al/Si contact formation is relatively straightforward and is
based on Al/Si eutectic alloy, Al-doped Si epitaxial film, and lightly doped Al sub-
strate. Steady-state, slow thermal variation favors formation of high-quality contact.
A broad flexibility is observed in terms of both temperature and annealing time.
Longer annealing time at low temperature favors superior Al/Si contact formation.

In contrast, the silver contact is based on migration of silicon into glass and paste
regions, inter-mixing of Ag and Si in liquid state due to their substantially lower
melting points at nanoscale dimensions. In the cooling down process, excess Si
rejected into glass and paste regions is recrystallized into Ag/Si nano- and micro-
structures and into Ag paste. Increase in contact resistivity at higher temperatures is
attributed to a combination of several factors including loss of heavily doped Si
regions in the emitter region to the paste and glass regions. Density, shape, and
dimensions of Ag/Si crystallites are functions of temperature with lower tempera-
tures favor nm-scale spheres. Rapid ramp rate favors superior contact formation. It
may be possible to reduce the higher contact resistance in quasi-steady-state condi-
tions through post-metallization forming anneal in forming gas since it has been
shown to facilitate Ag/Si crystals within the glass as well as on the Si interface [56].
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Chapter 5
Dark Current-Voltage Characterization

Dark current-voltage (IV) response determines electrical performance of the solar
cell without light illumination. Dark IV measurement (Fig. 5.1) carries no informa-
tion on either short-circuit current (Isc) or open-circuit voltage (Voc), yet reliable
and accurate information regarding other parameters including series resistance,
shunt resistance, diode factor, and diode saturation currents is gained; diode param-
eters are instrumental in estimating solar cell efficiency. Ideal dark IV response in
Fig. 5.1a reveals negligible current flow at voltages lower than the turn-on voltage.
At higher voltages, large current flows through the forward-biased diode. In prac-
tice, it is useful to plot diode IV response on logarithmic scale in order to define
series and shunt resistance measurement regions (Fig. 5.1b). The reader is referred
to references [1-9] for theoretical basis and parametric model extraction. This chap-
ter applies dark IV method to determine electrical characteristics of ohmic and rec-
tifying contacts to n- and p-doped Si wafers. A brief PC1D-based simulation of I-V
response as a function of relevant process parameters is followed by description of
measurement methodology and experimental results on screen-printed Al and Ag
paste contacts to solar cells.

5.1 PCI1D Current-Voltage Simulations

PC1D software simulations have been used extensively in this book and elsewhere
for accurate solar cell analysis. This software is used to determine I-V response for
both n- and p-type Si wafers.

© Springer Nature Switzerland AG 2021 201
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Fig. 5.1 Simulated current versus voltage responses of 18% efficient solar cell on linear (left) and
logarithmic (right) scales
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Fig. 5.2 Ag and Al contact configurations on n- and p-doped Si wafers

5.1.1 Ohmic Contacts

In solar cells, Ag and Al contacts are formed to doped (n-type) and un-doped
(p-type) surfaces, respectively, to form negative and positive contacts. Figure 5.2
illustrates typical configurations in solar cell processing. Configurations in Figs. 5.2b
and d relate to ohmic contacts on front and rear surfaces of monofacial solar cells;
for convenience, anti-reflection and passivation films have been omitted.
Configurations in Figs. 5.2a and c are unusual and have been included only for
instructional purposes. PC1D software is not designed to simulate contacts to un-
doped surfaces; experimental data will be used to illustrate I-V response of these
surfaces. Figure 5.3 plots simulated I-V response of Ag or Al contacts as a function
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Fig. 5.4 Description of ideal (a) and nonideal diode configurations illustrating enhanced shunting
(b) high series resistance (c)

of cumulative series resistance. Current-voltage response is ohmic and nearly verti-
cal for low resistances and horizontal for high resistances.

5.1.2 Rectifying Contacts

For the purpose of simulations, rectifying contacts are n*/p/p* diodes illustrated in
Fig. 5.4 for ideal and nonideal cases. In the ideal configuration (Fig. 5.4a), contacts
and related solar cell parameters are optimized to 18% efficiency. In nonideal cases,
all parameters are kept optimal except shunt (Fig. 5.4b) and series (Fig. 5.4c) resis-
tances. These process imperfections lower solar cell efficiency. In solar cells, high-
est efficiency requires shallow emitters. However, high temperature annealing can
cause spikes of Ag across the emitter region to form contact with the p-type sub-
strate and shunting the solar cell. Similarly, if the process temperature is lower than
optimal or the paste does not completely etch the anti-reflection SiN or SiO, film, a
barrier is formed at the Ag/n-Si interface that increases series resistance. Figure 5.5
displays I-V response, on linear and logarithmic scale, of 18% efficient solar cell as
its shunt resistance is reduced from ~33 Q to 1.5 Q. As shunt resistance increases,
diode loses its rectifying characteristics and eventually becomes a resistor. Figure 5.6
simulates solar cell response as a function of series resistance in 0.015-0.6-Q range.
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Fig. 5.5 Current-voltage simulations of dark IV diodes plotted as a function of shunt resistances
on linear (a) and logarithmic (b) scales; for comparison ideal diode response has also been included
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Fig. 5.6 Current-voltage simulations of dark IV diodes plotted as a function of series resistances
on linear (a) and logarithmic (b) scales; for comparison ideal diode response has also been included

Based on Ohm’s law, the current flow will decrease as resistance is increased; there-
fore, solar cells with high series resistance will exhibit low photo-generated current.

The most important parameter in limiting solar cell efficiency is its minority car-
rier lifetime. Dark I-V simulations were also investigated as a function of carrier
lifetime. Figure 5.7 plots dark I-V responses for lifetimes in 10—-1000-psec range.
For these simulations, all other process parameters were kept identical. It is noted
that diode turn-on voltage is reduced as lifetime is reduced. Industrially produced
monofacial solar cells are fabricated on wafers with lifetimes in ~10-20-psec range;
highest lifetime wafers are used for back contact solar cells.
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Fig. 5.7 Current-voltage simulations of dark IV diodes plotted as a function of minority carrier
lifetime on linear (a) and logarithmic (b) scales; for comparison ideal diode response has also been
included
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Fig. 5.8 Schematic diagrams of IV measurement system illustrating concept (a) and the circuit (b)

5.2 Measurement Methodology

A custom-designed current-voltage measurement system was developed and used
for all measurements presented here. Figure 5.8 illustrates system circuit diagram.
A programmable Agilent power supply is used to precisely vary voltage across the
cell, while voltage across and current through it are simultaneously measured.
LabVIEW software is used to measure solar cell current and voltage; acquired data
is stored and plotted in real time. Figure 5.9 displays pictures of a solar cell under
measurement including its IV response under illumination (Fig. 5.9a).

In order to independently establish validity of IV measurements, three commer-
cial, SiN-coated solar cells (14% mc-Si, (b) 16% bifacial c-Si, and (c) 18% c-Si)
with efficiencies in 14%—18% range were characterized. Figure 5.10 plots dark IV
measurements from the three solar cells. It is noted that turn-on voltage is highest
for 18% solar cell on account of its highest lifetime; plotted data is in good agree-
ment with simulated data in Fig. 5.7. Due to voltage resolution limit of the
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Fig. 5.9 Pictures of dark IV measurement system exhibiting measured and plotted I-V response

(a) and 18% efficiency commercial SiN solar cell under test (b)

Fig. 5.10 Dark current- 0.54 -
voltage measurements of Rseies ~ 0302
commercial SiN-coated /
solar cells with efficiencies — 0.1
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measurement system, current below 1 mA could not be detected. Therefore, shunt
resistance measurements are not accurate especially for high-efficiency solar cells.
However, with solar cell under illumination, shunt resistance can be easily mea-
sured and will be reported in the final chapter. In all subsequent measurements, IV
response of 18% solar cell is used as a calibration standard in order to evaluate
performance of solar cells fabricated as part of the author’s research work.
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Fig. 5.11 Dark IV measurements from Ag and Al paste contacts on Si wafers showing linear
ohmic response for (a) Ag on n* —doped n-Si, (b) Ag on un-doped p-Si, and (c) Al on p-Si

5.2.1 Current-Voltage Measurements on Ohmic Contacts

Figure 5.11 plots IV measurements of thermally annealed screen-printed Ag and Al
paste contacts on un-doped n- and p-type wafers. Succinct features of ohmic contact
measurements are summarized below.

(i) Ag contact resistance on n-Si wafer is a function of its doping. Without n*-
doping, no measurable current flow is detected within 0-0.4-V range. On
doped n*/n-Si wafers, Ag contact resistance varies from 0.13 Q to 1.7 Q as
sheet resistance varies from ~20 Q/square to 100 €/square range.

(i) Ag on un-doped p-Si wafer forms ohmic contact with resistance of ~0.6 .

(iii) Al contact resistance on un-doped p-Si wafer is a strong function of annealing
temperature with lower resistance at higher temperatures related to formation
of Al-Si alloyed regions described in Chap. 4.

Overall, dark IV measurements are in good agreement with simulations. Inability
to reach zero current at zero voltage may be attributed to lack of resolution at volt-
ages close to zero.

5.2.2 Current-Voltage Measurements on Rectifying Contacts

Dark I-V measurements from solar cells processed at higher than optimal tempera-
tures exhibited characteristics similar to PC1D simulations (Fig. 5.12). Due to sig-
nificantly higher current flow caused by shunting through 50 Q/square emitter,
measurement system was able to characterize both series and shunt resistances.
Measured I-V responses at shunt resistances of 5 Q and 1.7 Q were in good agree-
ment with simulated I-V responses at 6.7 Q and 2 Q in Fig. 5.5. At highest tempera-
tures, I'V response is practically a straight line with resistance of ~0.5 Q.

At lower than optimal temperatures, contact resistivity is higher and is reflected
in the dark I-V measurements plotted in Fig. 5.13. There is a good agreement with
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Fig. 5.12 Dark IV measurements from processed solar cells at temperatures higher than optimal:
(a) exhibiting increasing lower shunt resistances on linear scale and (b) same measurements on
logarithmic scale; for reference, IV response from 18% solar cell (blue line) has been included

Fig. 5.13 Dark IV 0.51
measurements from
processed solar cells at
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temperatures exhibiting
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resistances; inset in the
graph plots the same
measurements at
logarithmic scale; for
reference, IV response
from 18% solar cell (blue 0
line) has been included
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the simulated for 0.6 Q series resistance in Fig. 5.6. Also, note that shunt response
of all solar cells is nominally the same.

5.2.3 Current-Voltage Response Variation
with Annealing Configurations

Chapter 4 described four thermal annealing configurations for screen-printed Ag
and Al paste contacts in TLM configuration. In solar cells, the current flow is verti-
cal; therefore, effectiveness of annealing configuration is evaluated through diode
IV measurements. Simultaneous thermal annealing of Ag and Al paste contacts to
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n-Si (front surface) and p-Si (rear surface) surfaces was carried out to determine
optimum profiles for each system; optimum results for each case are discussed below.

Conveyor Belt IR RTA

Figure 5.14 plots dark IV diode response for simultaneously annealed Ag and Al
contacts in conventional IR conveyor belt furnace. Comparison with 18% commer-
cial solar cell reveals almost identical series and shunt resistances. Slight increase in
diode turn-on voltage is attributed to variations in materials and processes. This
temperature profile was used for annealing of different kinds of solar cells presented
in Chap. 6.

Parallel-Plate RTA

Figure 5.15 plots diode IV response of Ag and Al contacts simultaneously annealed
in parallel-plate configuration described in Chap. 4. In comparison with reference
18% cell, series resistance is slightly higher, while the shunt resistance is signifi-
cantly lower. Comparison of series resistances in Figs. 5.14 and 5.15 reveals that
both systems are able to form contacts with series resistance comparable to 18%
efficient solar cell. Slightly lower shunt resistance in parallel-plate configuration is
presumably due to light absorption from the quartz halogen lamps; this absorption
mechanism can be controlled with optical filters.

0.51 0'5 ﬂSiRHﬁ Si”
-~ 0302
— 0.05
Rsenes

= 034 ~ 0320

=

@ 0.005

=

=

o 0.17 0.0005
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0 0.2 0.4 0.6
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Fig. 5.14 Dark I-V measurements from processed solar cells at optimum temperature profile, in
conventional IR conveyor belt furnace, exhibiting comparable series and shunt resistances to the
commercial solar cell; inset in the graph plots the same measurements at logarithmic scale; for
reference, IV response from 18% solar cell (blue line) has been included
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Fig. 5.16 Dark IV measurements from processed solar cells at optimum temperature profile, in
quartz tube furnace, exhibiting higher series and lower shunt resistances; inset in the graph plots
the same measurements at logarithmic scale; for reference, IV response from 18% solar cell has
been included

Quartz Tube Furnace Anneal

Figure 5.16 displays dark IV measurements from Ag and Al contacts annealed
simultaneously in quartz tube furnace described in Chap. 4. Comparison with 18%
cell reveals that series resistance is high and shunt resistance is lower, thereby mak-
ing this annealing configuration unsuitable for simultaneous annealing of solar cell
contacts.
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Round Tube Furnace Anneal

Figure 5.17 illustrates dark IV response of Ag and Al contacts annealed simultane-
ously in round tube furnace described in Chap. 4. Comparison with 18% cell reveals
that series resistance has increased by a factor of 2, while shunt resistance remains
nominally the same. This may be attributed to lower annealing temperature. Therefore,
this system is also unsuitable for simultaneous annealing of solar cell contacts.

In Chap. 4, it was determined that Ag contact formation was a sensitive function
of temperature variation with rapid rate of change favoring superior contact forma-
tion. The comparison of diode responses in four configurations confirms this. Rate
of temperature change is comparable in IR conveyor belt and parallel-plate configu-
rations resulting in comparable series resistances. The rate of change in quartz and
round tubes is significantly slower with the resulting increase in series resistances.
Therefore, for these circularly symmetric annealing configurations to be effective,
transit speed needs to be significantly faster for quartz tube and rate of temperature
increase higher in round tube.

5.3 Summary

Dark I-V measurements based on simple and inexpensive experimental configura-
tion have been demonstrated to be highly effective in characterization of a wide
range of screen-printed Ag and Al ohmic and rectifying contacts on n- and p-doped
Si wafers. Experimental data is in good agreement with PC1D simulations as well
industrially produced mc-Si and c-Si solar cells with SiN anti-reflection films oper-
ating at efficiencies in 14—18% range.
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Chapter 6
Solar Cell Characterization

This chapter focuses on characterization of solar cells fabricated with material pro-
cessing steps outlined in Chap. 2. The center part of Fig. 6.1 describes process varia-
tions in solar cell fabrication encountered in replacement of toxic (POCI;, NH;, and
SiH,) chemicals by nontoxic processes (H;PO, and O,). Replacement of SiN by ITO
(Fig. 6.1, right) in POCl;-based processing is merited because of its potential as a
barrier layer for ultra-shallow emitters, where high temperature screen printing pro-
cessing is ineffective. Replacement of POCI; by ion implantation has certain advan-
tages especially in thinner wafers where dry processing is desired. Solid lines in
Fig. 6.1 indicate experimental data presented in this chapter; dotted lines indicate
future work. Both ITO and plasma implantation are enabling technologies in wafer
thicknesses transition towards ~50 pm. Detailed focus on SiN solar cell perfor-
mance is intended to illustrate the role of surface texturing in solar cells in both
periodic and random formats. With subsequent processing methods, the role of dop-
ing, AR films, and surface passivation is explored. Current-voltage and quantum
efficiency characterization is extensively used to evaluate performance and estimate
efficiency. All the work is then summarized with recommendations on optimum
solar cell configurations in terms of cost and environmental sustainability.

6.1 Periodically Textured Solar Cell Characterization

In order to evaluate influence of periodic structure on solar cell performance, solar
cells were fabricated without any AR film. A thin (~ 10 nm) oxide passivating SiO,
film was grown at 900 °C [1-2]. For comparison, planar and grating regions of ~2
x 2 cm? were formed on the same wafer. Internal quantum efficiency measurements
from planar and grating regions were acquired in order to understand the influence
of grating structure on cell performance. Figure 6.2 plots IQE response of a 1D
rectangular profile grating structure; for comparison, planar surface IQE adjacent to
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Fig. 6.2 Internal quantum efficiency and reflectance of planar and 1D rectangular profile grating
plotted as a function of wavelength

the grating is also plotted. The grating structure surface exhibits lower IQE in
0.4-0.6-pm spectral region which can be attributed to inadequate passivation of
rectangular profile grating and residual plasma-induced surface damage. The IQE
response, however, is significantly enhanced in the long wavelength region. The
surface reflectance has also been significantly reduced.

Figure 6.3 plots IQE and reflectance measurements from a 1D triangular-profiled
grating structure. This grating structure exhibits slightly improved IQE response in
the short wavelength region, but it is still lower than the planar surface. The enhance-
ment in the long wavelength region is not as high as for the rectangular profile. The
substrate variation is isolated by plotting IQE ratios from the grating and planar
regions of the same wafer. Figure 6.4 plots the IQE ratios for the rectangular- and



6.1 Periodically Textured Solar Cell Characterization 215

1D grating
triangular
profile

100

IQE, planar

80 | 3
IQE, grating =
\ s
3
60 / =
L*3
Ref, planar %
40 8
6}
=4
20
Ref, grating
0 .

04 05 06 0.7 0.8 09 1.0 1.1 1.2
Wavelength (um)
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triangular-profiled grating structures in Figs. 6.2 and 6.3. For the rectangular profile,
the ratio is less than 1 for wavelengths <0.55 pm, and the maximum enhancement
of ~2.7 is observed at A ~ 1.1 pm. For the triangular profile, IQE ratio is less than 1
for wavelengths <0.5 pm, and the maximum enhancement of ~1.6 is seen at
A~ 1.1 pm.

Figure 6.5 plots IQE and reflectance measurements from a 2D grating structure
described by its scanning electron microscope (SEM) image in Fig. 6.6. IQE
response reveals substantial losses in 350—800-nm spectral region. However, in the
long wavelength region, there is significant IQE gain in comparison with a planar
surface. The IQE ratio is also plotted and shows a maximum IQE gain of a factor of
2 relative to the planar surface. This 2D pattern is defined by large surface and low
reflection.

Comparison of IQEs of 1D and 2D structures reveals that:

(i) Triangular profile 1D structure exhibits the lowest loss in the short wave-
length region.
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Fig. 6.5 Internal quantum efficiency and reflectance of planar and 2D triangular profile grating
plotted as a function of wavelength
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Fig. 6.6 Top view SEM
profile of 2D triangular
grating structure

(ii) Triangular profile 2D structure exhibits the highest loss in the short wave-
length region.

(iii) The highest gain is for 1D rectangular profile at 1.1 pm wavelength.

(iv) IR gain from the triangular profile is broad and extends to ~1.2 pm wavelength.

The IQE enhancement in the IR region can best be understood on the basis of the
diffraction optics formalism discussed in Chap. 3. The grating structure couples
significant energy into the obliquely propagating diffraction orders inside Si. These
transmitted diffraction orders result in optical path length enhancement in IR region
in ~1.6-2.7 range. This diffractive optics-based optical path length enhancement is
larger than 1.3 achieved with geometrical optics [3]. The gain in optical path length
creates electron-hole pairs closer to the surface, thus enhancing the probability of
collection by the junction potential.

Due to the additional cost involved in fabrication of subwavelength periodic
structures, application of these structures at the wafer level is not feasible; these
structures are more suitable for thin-film solar cells.

6.2 Randomly Textured Solar Cell Characterization

This section presents solar cell data on randomly textured surfaces. The role of sur-
face texture is illustrated in terms of surface passivation and morphology. In order
to isolate variations in bulk material properties, IQEs are measured from the adja-
cent planar and textured regions of each individual solar cell (Fig. 6.7). Texture
IQEs from different wafers are meaningful only if their respective planar region
IQEs are nominally identical. The IQE, efficiency, and reflectance responses of
solar cells textured with six different processes are discussed in the following three
subsections [4-8].
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Fig. 6.7 Planar and textured regions on the same solar cell used for IQE measurements

6.2.1 Silicon Cathode Texture

The details of the texture process have been presented in Chap. 2; textured profiles
were displayed in Fig. 2.24. Figure 6.8 plots IQE and hemispherical reflectance
measurements as a function of plasma etch time; for comparison IQE from a planar
surface is also plotted. The spectral reflectance is relatively insensitive to etch time
variation; IQEs are comparable for 6- to 14-min etching times. Significant enhance-
ment in IQE is observed for 14-min etching time. For three etch times and over the
entire spectral range, there is a significant reduction in IQE with respect to the pla-
nar surface. This is attributed to plasma-induced surface damage. Several damage
removal etching (DRE) treatments were investigated. Figure 6.9 plots planar and
textured hemispherical reflectance and IQE responses of the 14-min RIE texturing
process subjected to 270-s KOH DRE treatment; for comparison IQE from the pla-
nar surface is also plotted. Figure 6.9 also plots IQE ratio of textured to the planar
regions on the same wafer. There is a significant improvement in IQE of the textured
surface response over the entire spectral range. The textured IQE is lower than the
planar in the 350-650-nm spectral region. In the near-IR spectral region (A > 650 nm),
the textured IQE is higher with a maximum ratio of ~1.5 at A = 1.0 pm. The solar-
weighted surface reflectance of the textured surface at 4.5% is lower by more than
a factor of 2 than the planar surface reflection of ~11.8%, and is comparable to the
14-min RIE surface reflectance of ~4.2%.

Figure 6.10 plots IQE and reflectance measurements of the planar and textured
surfaces after nitric acid DRE process for the 14-min etching process. Planar and
textured IQE comparison reveals that the textured IQE is lower than the planar IQE
in 350-600-nm spectral region. In the IR region, the textured IQE is higher with a
maximum of ~1.3 at A ~ 1150 nm. The solar-weighted reflectance from nitric-etched
surface at ~5.5% is slightly higher than the KOH DRE surface.
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Fig. 6.9 IQE, hemispherical reflectance and IQE ratio measurements for planar and KOH-treated
14-min RIE-textured surfaces; Fig. 2.25 in Chap. 2 shows SEM profiles of KOH DRE surfaces
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Fig. 6.10 Measurements of IQE, reflectance, and IQE ratios plotted as a function of wavelength
for planar- and nitric-treated 14-min RIE-textured surfaces; Fig. 2.26 in Chap. 4 displays SEM
profiles

Figure 6.11 plots LIV measurements under one-sun illumination for the five tex-
tured solar cells with IQEs plotted in Figs. 6.8, 6.9 and 6.10; Table 6.1 summarizes
key cell parameters. Comparison of cell parameters in Table 6.1 shows that the cell
efficiencies and short-circuit current density increase as etch times are increased,
while the open-circuit voltages and fill factors remain constant. The KOH and nitric
DREs produce significant improvements in short-circuit currents. For the KOH
DRE, open-circuit voltage has improved significantly, whereas nitric DRE does not
show the same improvement. For both DRE:g, fill factors are low.

6.2.2 Aluminum-Assisted Texture

The Al-assisted texturing process has been described Chap. 2. Solar cell perfor-
mance from this texture process is discussed here. Figure 6.12 plots IQE and hemi-
spherical reflectance measurements as a function of RIE etch time. Hemispherical
spectral reflectance is comparable for etching times of 6 and 10 min. Hemispherical
reflection increases significantly in the short wavelength region for 14-min etching
time. For this texture, the 6-min IQE is superior to 10-min in the short wavelength
region; all three textures have poor IQE in UV-VIS region. IQE response of 10- and
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Fig. 6.11 LIV measurements under one-sun illumination for the random RIE-textured, KOH, and
nitric DRE solar cells

Table 6.1 Solar cell parameters of silicon cathode texture with and without DRE

Cell description Efficiency (%) Voc (V) Jsc (mA/cm?) FF
6-min RIE 12.7 0.582 27.67 0.785
10-min RIE 14.73 0.581 27.95 0.781
14-min RIE 15.31 0.583 294 0.783
14-min RIE+270-s KOH 15.27 0.609 30.31 0.764
14-min RIE+15-s NITRIC 14.74 0.588 32.81 0.765
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Fig. 6.12 IQE and hemispherical reflectance measurements as a function of RIE etch times; RIE-
textured profiles are displayed in Fig. 2.27 of Chap. 2
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Fig. 6.13 IQE, hemispherical reflectance, and IQE ratio measurements for planar- and KOH-
treated 10-min RIE-textured surfaces; textured profiles are shown in Fig. 2.28 of Chap. 2

14-min etch textures is comparable. This texture process creates larger, less dense
structures with depths in ~0.5—1.5 pm in all three cases. IQE response was enhanced
by removing plasma-induced surface damage with KOH and nitric acid wet-
chemical treatments. Figure 6.13 plots planar and textured hemispherical reflec-
tance and.

IQE responses of the 10-min RIE texturing process after 360-s KOH DRE. A
comparison of planar and textured surface responses reveals that the KOH DRE has
improved IQE response relative to RIE-textured surfaces without DRE. However,
the overall IQE is lower than the planar region over the entire spectral range. The
solar-weighted surface reflectance of the textured surface at 5.1% is still signifi-
cantly lower than the planar surface (~ 11.8%) and is comparable to the 10-min RIE
surface (~ 4.4%) shown in Fig. 6.12. For this texture, average separation between
random textures has enlarged without significant variations in etched depths.

For the 14-min etch process, nitric DRE process was evaluated. Figure 6.14 plots
IQE and reflectance measurements of the planar and textured surfaces. There is
marked improvement in IQE response in 640—1200-nm spectral region. In compari-
son with the planar surface, textured IQE ratio shows a maximum enhancement of
~1.8 at A ~ 1180 nm. The solar-weighted reflectance from nitric-etched surface at
~6.3% is slightly higher than the KOH-treated surface. Average texture dimensions
are larger than Si cathode-based texture.
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Fig. 6.14 1QE, hemispherical reflectance, and IQE ratio measurements after nitric DRE process
on 14-min RIE-textured surfaces; SEM profiles are shown in Fig. 2.29 of Chap. 2

Table 6.2 Solar cell parameters of Al-assisted texture

with and without DRE

Cell description Efficiency (%) Voc (V) Jsc (mA/cm?) FF

6-min RIE 13.12 0.596 30.5 0.723
10-min RIE 14.25 0.605 31.83 0.766
14-min RIE 15.14 0.606 32.12 0.775
10-min RIE+360-s KOH 15.49 0.610 32.29 0.788
14-min RIE+10-s NITRIC 15.82 0.615 3243 0.793

LIV data from all five textures in this group is presented in Fig. 6.15; key solar
cell parameters are listed in Table 6.2. There is improvement of all solar cell param-
eters with increasing etching times. A comparison of the two DRE processes reveals

clear superiority of nitric DRE over KOH.

6.2.3 Conditioned Texture on Graphite Cathode

The conditioned texturing process has been described in Chap. 2. For this texture
process, the RIE etch time was kept constant at 15 min while varying nitric DRE
time from 10 to 30 s. Figure 6.16 plots the IQE and hemispherical reflectance
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Fig. 6.15 LIV measurements under one-sun illumination for the random RIE-textured, KOH, and
nitric DRE solar cells

measurements as a function of DRE time. For this texture process, the spectral
reflectance is relatively insensitive to DRE etch times of 10-30 s. The solar-weighted
reflectance varies between 5.2%, 5.6%, and 5.5% at etch times of 10, 20, and 30 s,
respectively. For this nitric DRE texture, 20-s etching time results in IQE compa-
rable, or larger than the, with the planar surface in the short wavelength region. In
the long wavelength, comparable IQE improvement is observed for each of the three
etch times. A comparison of textured surfaces reveals an increase in feature dimen-
sions and reduction in texture density with increase in etching time; depth is in
~0.5—1.5-pm range. The role of the nitric DRE etching time variation is better clari-
fied by plotting the texture-to-planar IQE ratio for the three etch times in Fig. 6.17.
It is observed that for the 20-s etching time, the IQE ratio is greater than 1 for the
entire spectral region. A maximum IQE enhancement of ~1.4 is observed at
A ~ 1050 nm. For both 10- and 30-s etch times, the IQE ratios are only slightly lower
relative to the 20-s etch process. Since the 20-s etching time shows UV IQE response
superior to the planar surface, it was compared with the IQE response of random,
wet-chemically textured surfaces. Figure 6.18 plots the IQE and reflectance mea-
surements from the RIE and wet-chemically textured surfaces; their IQE ratio is
also plotted. It is seen that the wet-chemically etched surface with solar-weighted
reflectance of 4.6% has higher UV reflectance and slightly lower reflectance in the
520-1050-nm spectral region. The IQE ratio shows that the RIE-textured surface
exhibits superior performance in the 350-450-nm and 880-1080-nm spectral
regions. In most of the visible region, IQE ratio is unity, with wet-etch IQE superior
to the RIE texture in 1080-1180-nm spectral region. Figure 6.19 displays SEM
profiles of the wet-chemically etched textured surfaces. The chemically etched pro-
files are predominantly pyramidal-shaped with average separation of ~0.4—1.3 pm
at depths varying from ~0.5 to 1.0 pm.
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Fig. 6.18 IQE, hemispherical reflectance, and IQE ratio measurements for wet-chemically tex-
tured and nitric-treated random RIE-textured surfaces

Fig. 6.19 SEM pictures of random, wet-chemically textured surfaces: (a) lower magnification and
(b) higher magnification; the length scales on lower and higher magnification images are 0.8 pm
and 0.6 pm, respectively
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Table 6.3 Solar cell parameters on planar and textured surfaces
Cell description Efficiency (%) Voc (V) Jsc (mA/cm?) FF
Planar 14.5 0.611 30.21 0.786
10-s nitric DRE 16.07 0.615 33.1 0.787
20-s nitric DRE 16.48 0.617 34.14 0.781
30-s nitric DRE 16.43 0.618 34.26 0.774
Random, wet-chemical 16.96 0.619 34.57 0.792

Figure 6.20 plots LIV measurements from nitric DRE texture and wet-chemical
texture; planar surface response has also been included for reference. Key solar cell
parameters have been summarized in Table 6.3. Comparison of textured cell param-
eters reveals efficiency enhancement as a function of time. All textured surfaces
have higher efficiency than the planar surface. Wet-chemically etched surface

exhibits best performance.

6.2.4 Summary of Internal Quantum Efficiency Measurements

In order to understand their relative merits, all six IQE ratios including hemispheri-
cal reflectance are plotted in Figs. 6.21 and 6.22. The salient features of the IQE
ratio measurements in Fig. 6.21 are summarized below.

(i) Chemically-etched and nitric DRE on Si cathode have almost identical IQE
response over the entire spectral region with maximum enhancement of ~1.5 at

A ~ 1200 nm.



228 6 Solar Cell Characterization

2.0 -
KOH/Si-cathode
18 Nitric/Si-cathode —
) KOH/Al-assisted a
Nitric/Al-assisted @
1.6 Nitric/Un-assisted é
Wet-chem —
1.4 /@)
T
1.2 E?
1.0 \ 2
0.8 textured/planar
400 600 800 1000 1200
Wavelength (nm)
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(i1)) Conditioned nitric DRE and KOH DRE on Si cathode have similar IQE
response with maximum enhancement of ~1.5 at A ~ 1000 nm.

(ii1) The Al-assisted RIE with nitric DRE has a behavior similar to that described in
(i) above, except that it has higher enhancement of ~1.8 at the same wavelength.

(iv) The Al-assisted RIE with KOH DRE shows no IQE enhancement.

The salient features of the hemispherical reflectance measurements shown in
Fig. 6.22 are summarized below.
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Table 6.4 Summary of RIE-textured solar cells

Cell description Efficiency (%) Voc (V) Jsc (mA/cm?) FF

Si cathode, KOH DRE 15.27 0.609 30.31 0.764
Si cathode nitric DRE 14.74 0.588 32.81 0.765
Al-assisted, KOH DRE 15.49 0.610 32.29 0.788
Al-assisted, nitric DRE 15.82 0.615 3243 0.793
Conditioned, nitric DRE 16.48 0.617 34.14 0.781

(i) Nitric DREs on conditioned and Si cathode RIE processes have similar reflec-

tance response; however, their near-IR IQE response is significantly different.

(i) The chemically etched surface has UV reflectance similar to RIE textures in
(1); however, its long wavelength reflectance is lower.

(iii) The Al-assisted RIE with nitric and KOH DREs both have almost identical
reflectance response; however, their IQE responses are different.

(iv) The lowest reflection is observed for KOH DRE on Si cathode RIE process; its
IQE response is similar to the conditioned texture process.

Reflectance and IQE response seem to have little correlation with each other.
Principal solar cell parameters from the five textured profiles have been listed in
Table 6.4. Comparison of the five RIE texturing processes demonstrates the superi-
ority of conditioned texturing process combined with nitric DRE treatment.

6.3 Light-Current-Voltage Measurement Method

A custom-designed light-current-voltage (LIV) measurement system was devel-
oped to characterize solar cells fabricated with varying processes; all solar cells
were wet-chemically textured. Data acquisition details have been described in Chap.
5. Illumination in this system was based on pulsed xenon light source manufactured
by Martin Atomic [9]. Atomic 3000 DMX is a rugged, 3000-W pulsed strobe light
source (Fig. 6.23) with several attractive features including intensity variation in
0-100% range, controllability over flash duration (0-650 ms), and flash rate
(20 ms-2 s). The Atomic 3000 uses an electric arc to generate intense, incoherent,
full-spectrum white light for short durations in xenon atmosphere. Xenon flash
lamps are designed to create microsecond to millisecond duration pulses of broad-
band light for lighting applications; they are also used in solar cell industry for
efficiency measurements due to their close spectral proximity to sunlight. The
strobe of Atomic 3000 is manually controlled using the DMX controller (Fig. 6.23b).
LabVIEW-based data acquisition system averages each measurement over multiple
lamp pulses to determine solar cell response. Figure 6.24 plots typical LIV data
from commercial SiN solar cells with efficiencies in 14-18% range; the dark I-V
response for these solar cells has been described in Chap. 5 (Fig. 5.10, Sect. 5.2).
This xenon lamp exhibits minor intensity fluctuations which are reflected in small
ripples in LIV line shapes; it was used at intensities slightly less than 100 mW/cm?.
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Fig. 6.23 Pulsed light xenon arc lamp (a) and its controller (b) used for LIV characterization of
solar cells
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The LIV measurements in Fig. 6.24 are consistent and in good agreement with ven-
dor specifications; the inset in Fig. 6.24 plots the same LIV data by normalizing
current density to unity. This approach has been adapted to estimate efficiencies of
solar cells fabricated by different methods described in Fig. 6.1.
Efficiency, E€,of a calibrated cell solar cell is given by
E¢ =FF M, (6.1)

IN

where FF is the fill factor, P,y is the input power, JSCC is the short current density,
and V. is the open-circuit voltage. The efficiency of uncalibrated solar cell mea-
sured by the same system is given by
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JY xVY
EY = FFsc_Toc (6.2)

IN

where FF and P,y are assumed identical to that in Eq. 6.1, J§. is the short current
density, and V.. is the open-circuit voltage of the uncalibrated solar cell. By divid-
ing Eq. 6.2. by Eq. 6.1, the efficiency, EY, is given by.

U U
_ JSC*VOC % €

e c
Jsc*Voc

EY (6.3)

Equation 6.3 assumes identical FF and Py values during experimental measure-
ments of LIV responses for calibrated and uncalibrated solar cells. Comparison of
dark IV and normalized LIV measurements ensures accuracy of FF assumption.
The constancy of identical illumination is ensured by measuring calibrated and
uncalibrated solar cells within the same time frame. Hence, Eq. 6.3 represents a
reasonably accurate method to estimate efficiency of solar cells fabricated by differ-
ent methods described in Fig. 6.1.

6.4 In Situ Oxide Passivated Solar Cell

In situ oxide passivated solar cells are fabricated by growing ~100-nm oxide as part
of POCI; diffusion process on p-type wafer [10]. This process takes advantage of
the low reflection of randomly textured Si, thereby enabling thermally grown oxide
film for passivation as well as anti-reflection purposes; process details have been
described in Chap. 2. Figure 6.25 plots solar cell efficiency of the in situ oxide pas-
sivated solar cell with higher Jsc and slightly lower Ve in comparison with 18%
efficiency calibrated solar cell. Figure 6.26 plots the dark IV measurements for the
same solar cell. Comparison of dark and light IV measurements reveals approxi-
mately identical values of FF; therefore, using Eq. 6.3, the efficiency of this solar
cell is estimated to be 20%.
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6.5 RIE-Textured Solar Cell on 100-pm-Thick n-Si Substrate

Screen-printed solar cells were fabricated in ~100-pm-thick Web and FZ wafers
with SiN-coated RIE-textured front surfaces; the wafer was n-type; therefore, the
junction was on the rear surface. Figure 6.27 plots LIV data for reference planar and
textured FZ and Web substrate solar cells. Principal solar cell parameters have been
summarized in Table 6.5. Textured solar cells exhibit lower efficiency relative to the
planar; the Web-RIE wafer has the lowest efficiency. Reduced Vo and Jgc of Web-
textured surface are likely related to poor surface passivation and low lifetime.
Figure 6.28 plots dark IV responses from the cells measured in Fig. 6.27. Series
resistances of all three cells are comparable. Shunt resistance for the two RIE-
textured cells are also similar, although planar cell shunt is an order of magnitude
higher. Lower diode turn-on for the Web-RIE solar cell is also consistent with lower
lifetime. Internal quantum efficiency measurements in Fig. 6.29 illustrate the influ-
ence on lifetime and surface passivation. In the short wavelength region, planar IQE
is higher than the textured surfaces due to residual plasma-induced surface damage.
In the long wavelength region, textured surface (FZ) exhibits the highest IQE. The
averaged reflectance from the textured surface (~ 6%) is almost identical; planar
surface reflectance is ~14%. Figure 6.30 plots reflection and IQE ratios with respect
to the planar surface. Salient features have been summarized below.

(i) Reflection in the short wavelength region is reduced in ~12-16 range at
A =500 nm.
(i1) Escaped light is reduced by a factor of 3 at A = 1000 nm.
(iii) FZ-textured IQE ratio is higher than the planar for A > 400 nm.
(iv) Web-textured IQE ratio is higher than the planar for A > 1000 nm.
(v) FZ IQE texture ratio maximum is ~1.35 at A = 1100 nm.
(vi) Web IQE texture ratio maximum is ~1.1 at A = 1100 nm.

The lowest Web-RIE IQE response is a combination of lower lifetime and poor
surface passivation. Surface passivation effect is more pronounced for n-type solar
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Table 6.5 Solar cell parameters for RIE texture processes on thin wafers

Cell description Efficiency (%) Voc (V) Jsc (mA/cm?) FF
Web-RIE 9.48 0.0.534 26.1 0.68
FZ-RIE 12.28 0.599 28.5 0.67
‘Web-planar 13.2 0.597 29.8 0.74
Fig. 6.28 Dark IV 0.5
measurements from SiN 05
passivated planar and 2 0.4
textured 100-pm-thick ~ 0.05
solar cells on n-type Si 'E 0.3
wafer; inset plots the same ) 0.005
IV data on logarithmic t 0.2
scale 8 01
0
0 0.2 0.4 0.6

Voltage (V)

cell with emitter on the rear surface. The IQE enhancement for FZ texture is in good
agreement with front surface emitter on solar cells fabricated on p-type substrate
(Fig. 6.21).

6.6 In Situ Oxide Passivated Solar Cell on n-Si Substrate

Screen-printed solar cell with in situ 100-nm-thick oxide passivation was fabricated
as part of POCI; diffusion process on n-Si substrate. For this solar cell, the emitter
was on the rear surface. Figure 6.31 plots solar cell efficiency of the in situ oxide
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Fig. 6.29 IQE measurements of planar and textured thin wafer solar cells plotted as a function of
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passivated n-type solar cell exhibiting lower Jsc and Vo values in comparison with
18% efficiency calibrated solar cell. Figure 6.32 plots the dark IV measurements for
the same solar cell. Comparison of dark and light IV measurements reveals approxi-
mately identical FF; therefore, using Eq. 6.3, the efficiency of the solar cell is esti-
mated to be 16%. The lower efficiency is due to lower lifetime, and the presence of
the junction on the rear surface enhances the effect of inadequate passivation and
bulk material defects.
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Fig. 6.32 Dark IV measurements from thermal oxide passivated and 18% SiN solar cells; inset
plots the same LIV data on logarithmic scale demonstrating comparable series and shunt resistances

6.7 Thermal Oxide Passivated Solar Cell

Screen-printed thermally grown oxide passivated solar cell was fabricated by grow-
ing ~100-nm oxide after POCI; diffusion process. Figure 6.33 plots solar cell effi-
ciency of the in situ oxide passivated p-type solar cell exhibiting lower Jsc and Ve
values in comparison with 18% efficiency calibrated solar cell. Figure 6.34 plots the
dark IV measurements for the same solar cell. Comparison of dark and light IV
measurements reveals nearly identical FF and Voc except with lower Jsc. Thus,
using Eq. 6.3, the efficiency of this solar cell is estimated to be 16.5%.
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6.8 Thermal Oxide Passivated Solar Cell
with H;PO, Diffusion

Thermally grown oxide passivated solar cells are fabricated by growing ~100-nm
oxide following H;PO, diffusion process [10]. Figure 6.35 plots solar cell efficiency
of the thermal oxide passivated p-type solar cell exhibiting lower Jsc and Ve values
in comparison with 18% efficiency calibrated solar cell. Figure 6.36 plots the dark
IV measurements for the same solar cell. Comparison of dark and light IV measure-
ments reveals nearly identical values of Vo and Jsc. Therefore, using Eq. 6.3, the
efficiency of this solar cell is estimated to be 18.2%.
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Fig. 6.35 Light IV measurements from thermal oxide passivated and 18% SiN solar cells; inset
plots the same LIV data by normalizing current density to 1 and shows comparable FF values
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6.9 Solar Cell with Indium Tin Oxide Film

Analysis of junction depth versus efficiency reveals that the highest solar cell per-
formance requires ultra-shallow emitters, which are not compatible with high tem-
perature screen-printed paste metallization due to shunting. Indium tin oxide (ITO)
films were investigated in both low and high temperature configurations (Fig. 6.37).
In low temperature configuration, polymer-based Ag paste was used to make con-
tact on ITO film deposited on POCI; diffused in the emitter [11]. Figure 6.38 plots
LIV response of Ag polymer paste cured at 200 °C for 10 min; for comparison com-
mercial SiN solar cell response has also been plotted. Figure 6.39 plots dark IV
response for the low temperature Ag-ITO contact solar cell. Comparison of normal-
ized LIV response in Fig. 6.38 and dark IV response in Fig. 6.39 shows that Ag/
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Fig. 6.38 Light IV measurements from low temperature paste/ITO-coated and 18% SiN solar

cells; inset plots the same LIV data by normalizing current density to 1 and shows comparable
identical FF values

ITO/n-Si contact resistances are comparable. Therefore, assuming identical FF, the
efficiency of the Ag/ITO solar from Eq. 6.3 has been estimated at 14.2%. The lower
efficiency is likely due to inadequate passivation of ITO/n-Si interface.

Evaluation of ITO as a barrier during screen printing of Ag paste annealed in
conveyor belt RTA furnace was carried out. Figure 6.40 plots LIV response of high
temperature Ag/ITO/n-Si contact. The current response is improved relative to low
temperature paste albeit at the cost of higher series resistance illustrated in the IV
measurements of Fig. 6.41. The series resistance at high temperature has increased
by a factor of 2; the efficiency of this solar cell has been estimated at ~14.9%.
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Fig. 6.39 Dark IV measurements from low temperature paste/ITO-coated and 18% SiN solar
cells; inset plots the same LIV data on logarithmic scale demonstrating comparable series and
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Fig. 6.40 Light IV measurements from high temperature paste/ITO-coated and 18% SiN solar
cells; inset plots the same LIV data by normalizing current density to 1 and shows comparable
identical FF values

6.10 Ion-Implanted Solar Cells

Random RIE-textured surface is a complex function of many parameters including
the chemistry of plasma gases, RF power, DC bias, temperature, and pressure.
Various models [12-13] have been proposed to describe the composition of RIE-
modified surface. These models provide only a qualitative picture; a more accurate
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Fig. 6.41 Dark IV measurements from high temperature paste/ITO-coated and 18% SiN solar
cells; inset plots the same LIV data on logarithmic scale demonstrating comparable series and
shunt resistances

analysis requires a precise knowledge of the plasma parameters. Silicon surfaces
exposed to plasma etching consist of a top thin (~ 5 nm) layer consisting entirely of
plasma residuals. The layer underneath extending to ~10-20 nm consists of heavily
damaged Si lattice. The third layer possibly extending from ~50 nm to as much as
1000 nm consists of plasma impurities that have diffused into Si during the etching
process. In photovoltaic devices, the surface damage causes significant degradation
of internal quantum efficiency observed earlier in Sect. 6.2. Several surface treat-
ments including RTA annealing [14], thermal oxidation and wet-chemical etching
[15], and anodic oxidation [16] have been investigated for the recovery of damage-
free Si surface from the original RIE-damaged surface. Pang et al. [15] evaluated
various surface treatments including annealing, oxidation, and isotropic wet-chem-
ical etching and demonstrated that the most effective means of recovering damage-
free Si surface was isotropic wet-chemical etching of ~50 nm of the top surface.
Damage removal treatments in Sect. 6.2 agree with this assessment.

Figure 6.42 plots the IQE measurements from three solar cells subjected to vary-
ing KOH damage removal etches; for comparison the IQE responses of planar and
RIE-textured surfaces (without DRE) are also shown. There is a continuous IQE
improvement as a function of KOH time. The inset in this graph plots IQE as a func-
tion of KOH etch time at three different wavelengths. For a planar surface, KOH
etch rate is ~0.025 pm/min, which suggests that for the maximum etching time of
270 s, approximately ~0.11-pm-thick Si has been removed. It is seen that the IQE
response in the short wavelength region increases sharply following a 60-s KOH
etch. KOH DRE removes the first and second RIE-damaged layers in good qualita-
tive agreement with the surface damage models discussed earlier. Longer etching
times result in slower IQE improvement suggesting that surface damage extends
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Fig. 6.42 1QE response of planar and KOH DRE solar cells plotted as a function of wavelength
measurements; inset plots IQE response as an etch time of wavelength for three wavelengths

deeper inside Si. KOH DRE improves IQE response over the entire spectral region,
even though at longer wavelengths, the absorption depth is much longer than the
depth of the damaged layer, thus indicating the critical role played by the surface
passivation.

Figure 6.43 plots IQE measurements as a function of nitric DRE etch times of 5,
10, and 15 s. In comparison with KOH DRE, nitric DRE response is faster; for lon-
ger wavelengths, the IQE response does not vary significantly with etch time. For
both nitric and KOH etch removal treatments, recovery of damage-free surface does
not come at the cost of excessive reflection losses after coating with SiN film. This
is observed in the hemispherical reflectance measurements of the KOH-etched sur-
faces shown in Fig. 6.44. Reflectance in UV increases rapidly with etching time
sharply; the long wavelength reflection increase is much slower. This is due to the
removal of fine textures (~ 20—100 nm), which act as strong absorbers based on
physical optics mechanisms discussed in Chap. 3. Similar reflectance response is
observed with nitric acid DRE treatments.

The IQE measurements demonstrate that the RIE-induced surface damage can
be removed by appropriate wet-chemical DRE treatments without a significant
increase in surface reflection. However, these DRE processes have not been opti-
mized on multicrystalline Si surfaces. For mc-Si surfaces, the KOH etch is not be as
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Fig. 6.43 1QE response of planar and nitric DRE solar cells plotted as a function of wavelength
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effective due to strong dependence of etch rates on crystal orientations. In solar cell
manufacturing, NaOH etching is often used to remove saw damage [17] as it is less
dependent on crystal orientations. Therefore, NaOH DRE is a better alterna-
tive to KOH.

6.10.1 Emitter Formation on RIE-Textured Surfaces

For RIE-textured surfaces, formation of an optimum emitter is critical to the solar
cell performance. The liquid source diffusion process leads to poor solar cell perfor-
mance. Apart from impurities in the process, there is also lack of conformal cover-
age. Figure 6.45 displays SEM images of spin-on phosphorous dopant RIE-textured
surfaces. Voids or air gaps are observed due to the failure of the dopant to confor-
mally coat nanoscale features and penetrate finer feature dimensions. Even where
there is good coverage, the thickness of the doping film varies significantly.
Diffusion from such an uneven source leads to higher sheet resistance due to non-
uniform doping.

Ton implantation in solar cells is advantageous due to its conformity, independent
control over the dopant profiles, junction depth, and the concentration [18]. During
the implantation process, the surface is partially amorphized [19]. The degree of
amorphization depends on the dose level and implant energy. In order to repair the
damage, the ion-implanted amorphous layers are recrystallized by annealing at high
temperatures. This recrystallization process proceeds epitaxially from the underly-
ing crystalline substrate; for Si this solid phase recrystallization starts at tempera-
ture of ~525 °C. During the recrystallization process at a constant temperature, the
planar amorphous-crystalline interface moves towards the surface as a function of
time until the whole amorphous layer is recrystallized.

Fig. 6.45 SEM images of the phosphorous spin-on dopant on two RIE-textured surfaces indicat-
ing voids or air gaps where no dopant reaches Si substrate
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Fig. 6.47 1QE ratios of texture/planar for (a) gas-diffused and (b) ion-implanted solar cells plotted
as a function of wavelength

The application of ion implantation to the RIE-textured surfaces was investigated
by *'P* implantation at 5 keV energy and 2.5 x 10 15/cm? dose [20]. The implant
anneal was carried out at a temperature of 900 °C to also grow a thin (~ 10 nm)
oxide film. Figure 6.46 plots the IQE and reflectance measurements from the planar
and textured regions of the same wafer. It is noted that the IQE of the as-textured
surface, without any DRE treatment, is comparable to the planar in the UV-visible
region and significantly higher in the long wavelength region. This is in sharp con-
trast to the gas diffusion results where DRE treatments are required to improve the
UV-visible IQE response. This suggests that during the epitaxial recrystallization
process following ion implantation, subsurface RIE-induced damage is also cured.
This remarkable IQE enhancement is better illustrated by comparing IQE ratios of
textured/planar surfaces for both DRE and non-DRE-treated surfaces in Fig. 6.47.
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Fig. 6.48 LIV measurements from ion-implanted (a) and gas-diffused solar cells (b); the ion-
implanted surface was not subjected to post-RIE DRE treatment

Comparison of the two surfaces reveals IQE enhancement at ~1050 nm by a factor
of 3 in comparison with the ion-implanted solar cell. Figure 6.48 plots LIV mea-
surements for solar cells fabricated with POCI; diffusion and ion implantation. The
ion-implanted cell exhibited lower efficiency, V¢, Jsc, and FF despite significant
IQE enhancement in the VIS-IR region. The lower FF suggests poor metal/Si con-
tact. By optimizing dosage and anneal times, fill factor is improved. Wafer with high
lifetime will lead to higher efficiency without requirement of post-RIE DRE
treatments.

In order to fully realize benefits of randomly textured surfaces, it is necessary to
minimize post-RIE wet-chemical treatments and if possible to eliminate them. This
appears achievable with ion implantation approach as observed in Figs. 6.46, 6.47
and 6.48. There is also additional benefit of eliminating SiN films since reflection is
already close to zero.

6.10.2 Plasma Ion Implantation

Ton implantation process may be expensive for terrestrial solar cell manufacturing.
Replacement of ion implantation by low-cost, large area plasma source ion-
implanted techniques invented by Conrad offers an attractive option [21]. In Chap.
2, an inexpensive plasma implantation system was developed with good results for
both P and B implantations [22].

Preliminary assessment of boron-doped solar cells fabricated on n-type (100) Si
wafers was carried out. The processing for ion-implanted and plasma-doped cells
was identical. Figure 6.49 plots LIV measurements from random, RIE-textured sur-
faces shown in Fig. 6.50. The random surfaces exhibit feature dimensions in
~0.5-2.0-pm range, depths ~0.4—1.0 pm, and linewidths ~0.1-0.5 pm. Tables 6.6
and 6.7 summarize key solar cell parameters.
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Fig. 6.50 EM profiles of RIE-textured surfaces for ion- and plasma-implanted solar cells

Table 6.6 Key parameters in ion-implanted solar cells

Surface Efficiency (%) Voc (V) Jsc (mA/cm?) Fill factor
Planar 6.99 0.442 25.87 0.612
Texture (a) 6.13 0.432 23.12 0.614
Texture (b) 7.55 0.442 27.24 0.627
Texture (c) 7.58 0.445 27.37 0.623

Table 6.7 Key parameters in plasma-implanted solar cells

Surface Efficiency (%) Voc (V) Jsc (mA/cm?) Fill factor
Planar 1.81 0.248 21.59 0.339
Texture (a) 1.39 0.216 20.21 0.319
Textured (b) 1.71 0.241 21.79 0.325

Ton-implanted solar cell data in Table 6.7 reveal enhanced performance of RIE-
textured solar cell with absolute efficiency increase of ~0.6% and Jgc ~ 1.5 mA/cm?,
The performance of these solar cells is limited by reduced open-circuit voltages and
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fill factors. The plasma-doped solar cell data in Table 6.7 reveal poor cell perfor-
mance from both planar and textured surfaces. The performance of plasma-doped
cells is degraded due to low V¢ and shunt resistances.

Plasma-doped solar cells were also investigated on deeply etched periodically
textured one- and two-dimensional surfaces shown in Fig. 6.51. LIV measurements
from several grating structure solar cells are plotted in Fig. 6.52. The results are
summarized below:

(i) There is hardly any junction formation.
(ii) Short-circuit current from 1.0-pm 2D period is enhanced by ~2.8 mA/cm? rela-
tive to the planar surface.
(iii) The short-circuit current from 0.5-pm 2D period is reduced by ~7 mA/cm?
relative to the planar surface.

Fig. 6.51 SEM profiles: (a) 3-um deep, 1-pm period, (b) 2.5-pm deep, 0.5-pm period, and (c)
4.5-pm deep, 5-pm period 2D pattern used in plasma-implanted solar cells
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Fig. 6.52 LIV measurements from 1-cm? area plasma-doped solar cells with 1.0-pm and 0.5-pm
period structures
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From these measurements (Figs. 6.49 and 6.52, Table 6.7) it is evident that the
plasma-doped junctions are too shallow resulting in severe reduction of open-circuit
voltages and shunt resistance. The open-circuit voltages on deeply (~ 2-3 pum)
etched grating devices are reduced by a factor of 5. This may suggest lack of con-
formal junction on vertical sidewalls.

Spreading sheet resistance measurements on plasma-implanted surfaces was car-
ried out and plotted in Fig. 6.53 for three RTA anneal times in N, ambient at fixed
temperature of 1000 °C. We notice that the junction is driven deeper as a function
of time with little change in surface concentration. The SRP data verifies formation
of ultra-shallow junctions at the surface. Due to its conformal nature, plasma
implantation should be able to form junctions on all types of surfaces. The challenge
is to form good contacts on these surfaces.

6.11 Summary of Results

Fabrication of solar cells with several process variations described in Fig. 6.1 was
investigated with the aim of developing inexpensive processing consistent with
environmental sustainability. Table 6.8 summarizes efficiency results of variations
in solar cell processing. A wide range of solar cell efficiencies is observed. The
highest efficiency is exhibited by the in situ oxide and the lowest from the plasma-
implanted process. Solar cell efficiency is a sensitive function of lifetime of the
starting wafer; therefore, for solar cells in 16-20% efficiency range, variation in
efficiency is mostly due to surface passivation as long as dark IV response is com-
parable with calibrated solar cells. Poor efficiencies for ITO-coated solar cells are
attributed to a combination of poor surface passivation and low lifetime since ITO
solar cell dark IV was nearly identical to the calibrated 18% solar cell. Ion-implanted
solar cell exhibited excellent IQE response in VIS-IR spectral region; its lower
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Table 6.8 Key solar cell parameters with respect to process variations

Diffusion
process

Configuration

Passivation

Estimated
efficiency (%)

Comment

POCI,

n*/p/p*

SiN

14-18

Industrially produced reference
c-Si and mc-Si solar cells

POCI,

n*/p/p*

In-situ SiO,

20

1. Enhanced absorption

2. Phosphorous-doped SiO,
grown as part of diffusion
process

POCI,

n*/n/p*

In-situ SiO,

1. n-Si wafer

2. Junction on back surface

3. Low lifetime

POCI,

n*/p/p*

Thermal
SiO,

16.5

1. Remove phosphorous-doped
Si0,

2. Grow thermal oxide

H;PO,

n*/p/p*

Thermal
SiO,

18.2

1. Remove phosphorous-doped
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efficiency was due to lower FF and lifetime. The plasma-implanted solar cell with
ultra-shallow emitter did exhibit decent photoresponse; poor performance was
rooted as the inability to make good contacts.

The process variations described in this chapter and Chap. 2 illustrate flexibility
in solar cell fabrication over a wide range of scientific and technological capabili-
ties. The cottage industry concept articulated by the author is relative and uniquely
applicable here. Plasma RIE texturing and implantation is a cottage industry in any
first world country, while screen printing technology is the same in a developing
country; solar cells can be fabricated in both ways. In this context, an alternative to
large-scale manufacturing would be collaborative cottage industries performing
designated tasks such as:

(i) Damage removal and texturing.
(ii) Diffusion and passivation.
(iii) Metallization.
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This will provide jobs to many in the developing world and help realize limitless
human potential. The current multinational large-scale manufacturing will only
encourage profit making at the expense of human creativity except when it is owned
by the corporation.

6.11.1 Smart Solar Cell Process

A smart solar cell process is inexpensive and environmentally sustainable without
sacrificing efficiency. Based on the material presented in this book, a smart solar
cell process is based on n-type wafer with Al BSF emitter. For c-Si wafers, alkaline
wet-chemical texturing combined with oxide passivation will be sufficient to reli-
ably manufacture solar cells in 16-20% efficiency range subject to lifetime of the
incoming wafer. For mc-Si wafers with relatively lower lifetime, the same process
will work except with p-type wafer. Acidic texturing, while not as effective as alka-
line, will be sufficient to manufacture solar cells in 16—18% efficiency range.

6.11.2 Dry Solar Cell Process

Wet-chemical processes in solar cell manufacturing consume large amounts of
highly pure water. Considering that water itself is a precious resource, manufactur-
ing processes reducing water usage are desirable. With continuing emphasis on
thinner wafers, dry wafer processing will play an increasingly larger role in solar
manufacturing. Plasma-based RIE texturing implantation methods will have several
advantages including:

(i) Complete realization of benefits offered by nm-scale surfaces in RIE profiles.
(i) Reduction in water and chemical usage.
(iii) Applicability to thinner (< 100 pm) wafers.

Contacts to solar cells will conformal ultra-shallow emitters will be based on low
temperature ITO contacts. ITO makes good ohmic contacts to both n- and p-doped
surfaces [11].

6.11.3 Thin Solar Cell Process

As wafer thicknesses transition to ~50 pm, incomplete optical absorption will fun-
damentally limit solar cell efficiency. In these thin-film solar cells, optical absorp-
tion based on physical optics combined with deeply etched surfaces will likely play
a role [23-24]. Key manufacturing technologies will be plasma implantation com-
bined with ITO/Si contacts.
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